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Abstract

This proposal builds on our previous IDS effort on stratospheric transport and chemistry.
In this proposal we focus on four questions relevant to atmospheric chemical and climate
change: (Q1) Is the ozone layer recovering? (Q2) Do we understand the processes
that control mid-latitude Strat.-Trop. exchange (STE)?  (Q3) How does the long
range transport of pollutants affect local air quality and chemical processes? (Q4)
How do chemical changes in the atmosphere affect climate?  This IDS effort proposes
to uses a variety of data analysis tools and multi-dimensional models to diagnose
processes and trends.  Our previous efforts have focused on sub-orbital missions and non-
EOS satellite data (e.g. UARS, POAM).  In this proposal period we begin the exploitation
of Terra and Aqua (MOPITT and MODIS aerosol), SAGE III and Envisat data.  We also
intend to capitalize on aerosol height data from IceSat  (launch 2003), from Aura (launch
2004), from EOS validation campaigns, and from ground and balloon based data sets.

For (Q1) we propose to continue our study of polar ozone loss using trajectory techniques
described by Schoeberl et al [2002b] and PV/q coordinate transformation described by
Lait et al. [2002] for SOLVE II.  We propose to use our new refinement of the MATCH
technique for estimating polar ozone loss and we intend to extend its application to
SAGE III and POAM data sets. We also propose to use our standard methods of
analyzing ozone loss to continue the record initially developed using TOMS data using
data from the Ozone Monitoring Instrument (OMI) on Aura. Under (Q2) we propose to
continue to develop diagnostic estimates of the extra tropical strat-trop exchange (STE)
of ozone and mass.  One issue we plan to resolve is whether there is a net adiabatic flux
of air into the stratospheric middle world as our calculations show, or whether there is a
net adiabatic outflow as estimated by Dethof et al. [2000].  This issue is critical for the
recycling of short-lived halocarbons. The sign of the mass flow appears to highly variable
between models for reasons that are not understood. Our new STE ozone mass flux
algorithm [Olsen et. Al., 2002] will be applied to the next generation of chemical
transport GCM’s and assimilation models as a diagnostic.  Under (Q3) we propose to
study boreal smoke plumes and their impact on air quality. Understanding these events
and using space data to diagnose plume transport, evolution and impact on air quality will
be a new focused effort.   This activity will exploit aerosol data from MODIS, TOMS,
and OMI (after 2004), MOPITT CO data and IceSat aerosol altitude (lidar) data.
Preliminary study of the East Coast Smoke event (July 5-8, 2002) under this IDS
previews our proposed effort. We will first focus on boreal fires and then extend our
study to tropical biomass burning.  The goal of this later effort is to understand the
interrelationship between biomass burning and tropical ozone anomalies.  We will also
characterize transport properties of tropospheric aerosol using the GOCART and
trajectory models.  Under (Q4) we propose to use our interactive 2D model to understand
the chemical response of the stratosphere to changes in trace gases such as water vapor
and to further investigate volcanic effects.  We will also be analyzing the new 50-year
Finite Volume General Circulation Model (FVGCM) climate run.  Analysis of tracer
transport and the age-spectrum of this model have been shown to provide good insight
into the transport characteristics of the model dynamics and thus the suitability of the
model for dynamical feedbacks in climate. Finally this proposal effort is strongly linked
to Aura Project.  We have been especially involved in developing the Aura Validation
Plan and we propose to continue investigating the proper statistical use of data for
satellite validation.
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1.0 Introduction

1.1 IDS History and Strategic Approach

We propose to continue the previous Interdisciplinary Science (PIDS) investigation
originally titled “A Proposal to Investigate the Chemical and Dynamical Changes in the
Stratosphere Up to and During the EOS Observing Period.”  The original proposal was
funded in 1989 and reviewed in 1994 and 1999.  Because the first EOS platforms did not
launch until 1999, the PIDS took advantage of aircraft  mission data (AASE II, STRAT,
SPADE, POLARIS, TOTE/VOTE, SONEX, ASHOE/MAESA, PEM-Topics, SOLVE)
as well as Upper Atmospheric Research Satellite (UARS) obsrvations, Stratospheric
Aerosol and Gas Experiment (SAGE) II and Total Ozone Mapping Spectrometer
(TOMS) observations.  These data were used to develop both data analysis and modeling
tools in preparation for EOS observations.  Now, with the appearance of limited MODIS
(aerosol) and MOPITT (CO) data from Terra we have begun some analyses of aerosol
and CO transport.  By the end of this investigation the Aura platform will have been
launched (Jan.. 2004), and we intend to take full advantage of the constituent data sets
provided by the four Aura instruments (MLS, HIRDLS, TES, OMI).  We also intend to
exploit the aerosol altitude information provided by IceSat (2003) and aerosol size
distribution from Aqua MODIS.  If CALIPSO launches in this period, the lidar aerosol
height information will be used from that instrument as well.  In 2002-3 we will
participate in SAGE III validation (SOLVE II).  In 2005, because of our strong
connection to the Aura mission, we plan to participae in the TC3 mission targeting
tropical upper troposphere as well as other Aura validation missions covering
stratosphere and upper tropospheric processes.

During the most recent proposal period we have addressed the issue of the magnitude and
amount of mid-latitude stratosphere-troposphere mass and ozone exchange (STE).  We
have also completed a detailed analysis of the ability of the current assimilation models to
accurately reproduce stratospheric transport.  We have increased the capability of our
modeling tools and applied them to new phenomenology – especially tropospheric
processes and stratospheric ozone loss. We have used our 2D modeling capability to look
the impact of increasing CO2 and periodic volcanic aerosols on the stratospheric ozone
layer recovery. Appendix A summarizes the publications that our group has participated
in or generated during the last proposal period.

This proposal will focus more broadly on understanding the transport processes within
the stratosphere and troposphere.  Observations made by TOMS, MODIS, MOPITT and
the four Aura instruments will provide unprecedented information on the flow
characteristics of the stratosphere and troposphere.  We will be using our tools to answer
four basic questions:

(Q1) Is the ozone layer recovering?
(Q2) Do we understand the processes that control mid-latitude STE?
(Q3) How does the long-range transport of pollutants affect local air quality and
chemical processes?
(Q4) How do chemical changes in the atmosphere affect climate?

To answer these questions we must understand the transport of mass, chemical
constituents and aerosols in the stratosphere and troposphere.  In answering (Q1) we
continue our analysis of the aircraft mission, balloon and satellite ozone observations. We
will use new techniques developed over the last year by this IDS for estimating ozone
loss.   In (Q2) we have developed a new technique to estimate the extra-tropical STE of
ozone and mass.  We plan to apply these techniques to new data assimilation system
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(DAS) products as well as GCM data sets that have become available in the last year. In
(Q3) we have begun research into the long-range transport of pollutants using satellite
and ground based observations.  In (Q4) we have developed a suite of tools to diagnose
transport characteristics of meteorological fields from a GCM and a data assimilation
system (DAS).  We will continue work with chemical transport models driven by winds
from the FVGCM and FVDAS (finite volume DAS). We will continue to interact with
the Data Assimilation Office (DAO) in evaluating their products.  We will also use our
interactive 2d chemical model to investigate the climatic impact of trace gas changes on
the stratospheric circulation.  The four science questions in this proposal are linked by the
use of our dynamical transport models and analysis of constituent observations being
produced by satellite and in situ sensors.

Our IDS proposal effort is also connected to the Aura Project as the PI for this proposal is
the Aura Project Scientist and one of the CoI’s (Douglass) is a Deputy Project Scientist
responsible for validation.  The breadth and depth of this IDS investigation allow us to
lead development of the Aura validation plan and provide direction to the Aura Project on
instrument data product issues.

This IDS proposal is also being coordinated with other relevant investigations. Some of
the collaborative proposals are listed in Appendix B.  Each of the collaborative proposals
and this proposal stand alone, but the scientific progress of all of the proposals in this
confederation is enhanced by the collaboration.

1.2 Previous IDS Activity

Over the last proposal period we have focused on stratospheric processes and chemical
change as well as stratosphere-troposphere exchange.   As the Goddard DAO has
continued to improve their product, we have been using the Goddard CTM and trajectory
model to characterize the transport properties of the meteorological data sets.

1.2.1 New Tool Development

One important development by the PIDS has been the construction of a fast kinematic
trajectory model and a simplified isentropic trajectory model (for use in field
deployments).  The kinematic trajectory model was built to take advantage of
assimilation data sets that do not include diabatic heating rates that required for multi-
week integration of our diabatic trajectory model.  The kinematic model is also more
useful for tropospheric investigations where the computation of diabatic heating rates
may not include latent heat release and the radiative effects of clouds.  The kinematic
model was also developed to examine volcanic aerosol distributions following eruptions
that took place prior to the availability of UKMO data (the launch or UARS in 1991).
This model is available within the Goddard Science System and via the trajectory web
page.

The simplified diabatic trajectory model was developed to operate on laptop computers
for use during field missions.  The simplified model operates on a single isentropic level
using winds, temperatures and potential vorticity pre-interpolated to that level.  The mode
is designed for developing flight plans and was successfully used during the SOLVE
mission along with a new simplified flight planner developed by the PI.

1.2.2 Polar Ozone Loss

Members of the PIDS participated in the SOLVE (1999-2000) mission.  The PI was Co-
Mission Scientist for the DC-8 and a Co-I’s (Newman) was Co-Mission scientist for the
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ER-2.  The SOLVE mission is discussed in Newman et al. [2002].  In addition, members
of our IDS team have continued analyzing TOMS column ozone observations (see Figure
2.1.1.1 below) for Antarctic and Arctic trends.

During the SOLVE mission a new method to estimate ozone loss was developed.  This
method takes advantage of all measurements made during SOLVE by satellite,
ozonesonde and aircraft by starting a trajectory whenever a measurement is made.  These
trajectories are carried forward diabatically until the end of the measurement period
(December – mid-March).  Comparison of recent and early mission observations for local
parcels gives ozone loss.  This analysis method is reported in Schoeberl et al. [2002b].
The authors also showed in this work that biases in the analysis made by POAM  can
develop because POAM preferentially samples the edge of the vortex. The POAM loss
rate estimates were thus higher in January than loss rates over the entire vortex. We also
made PV/q coordinate transformation estimates of ozone loss during SOLVE [Lait et al.,
2002] which agreed well with the trajectory method [Newman et al., 2002].

1.2.3 STE

Our PIDS proposed to study the processes of mid-latitude STE.  Ozone STE significantly
impacts climate and upper-tropospheric/lower-stratospheric constituent budgets.
However, the magnitude, variability, and trends in the exchange of chemical species such
as ozone remain uncertain.  Mass exchange estimates are typically made using bulk
methods that do not provide spatial distribution [e.g., Appenzeller et al., 1996].  This
limits the ability to use mixing ratio information with total mass exchange methods to
derive an accurate estimate of constituent exchange.  Olsen and Stanford [2001] show
that tropospheric diabatic heating and cross-jet isentropic transport, the primary
mechanisms of mid-latitude downward exchange, are sub-synoptic scale local processes.
Thus, constituent exchange estimates based on total air mass schemes are not adequate
for chemical species such as ozone that have significant horizontal variability near the
tropopause.

Within our PIDS, we have developed a new method to quantify the mid-latitude ozone
transport to the troposphere using total ozone observations and analyzed potential
vorticity (PV) [Olsen et al., 2002a].  We use the observation that PV is lost in irreversible
mass transport to the troposphere.  Advantages of this method include the use of global
observed or modeled ozone, and the location as well as the magnitude of the ozone flux is
calculated.  Results for each hemisphere in the year 2000 are shown in Figure1.2.3.1.  A
distinct seasonal variability is seen and shorter time scale variability is greater during the
winter/spring months when the total ozone flux is enhanced.  The locations of ozone flux
for a single day are shown in Figure 1.2.3.2.
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Figure 1.2.3.1  Year 2000 downward cross-tropopause ozone mass flux in units of Tg day-1.  Bold lines are
the monthly averages based upon 6 days per month for the NH (solid) and SH (dashed) mid-latitudes.  Thin
lines are the flux for the 6 days of each month.

Figure 1.2.3.2.  EP/TOMS total column ozone (color shading) and downward cross-tropopause ozone flux
(white contours) for April 20, 2000.  Total column ozone ranges from 270 DU to 458 DU with warmer
colors indicating greater values.  Ozone flux contour interval is 5 DU beginning at 10 DU.

Significant flux is associated with cross-jet transport and tropopause folding (near large
ozone gradients) and diabatic heating (near ozone maxima).  This technique has recently
been applied to the Southern Hemisphere midlatitudes.  In Olsen et al. [2002b], we show
that the ozone flux into the northern hemisphere midlatitudes is higher than in the
southern hemisphere not because of increased mass flux but because of increased ozone
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amounts in the lower stratospheric Northern Hemisphere lower stratosphere.  Below we
discuss further proposed work along this line.

1.2.4 Analysis of assimilation models and chemical simulations

Our PIDS had a strong link to the DAO and the analysis of their meteorological products.
Two important papers have been produced by this IDS relating to the transport
characteristics of the FVDAS compared to the UKMO DAS and the FVGCM.  In the first
publication, Schoeberl et al. [2002a] a series of back trajectory analyses showed that the
tropics are excessively ventilated in the assimilation analysis.  This ventilation produces
flattened constituent and age-of-air gradients [Douglass et al. 2002].  Schoeberl et al. (op.
cit.) goes on to show that for non-isentropic transport, the vertical dispersion associated
with the DAS motion fields offsets the bias created by the excessive tropical ventilation,
producing reasonable tropical mean ages. These results show that the long-term
constituent transport by the DAS fields (including the UKMO) will produce trace gas
biases. Figure 1.2.4.1 shows the tropical age spectra computed using trajectories.  Figure
1.2.4.2 shows a comparison of constituent gradients observed by aircraft and computed
by the DAS driven chemical transport model (CTM).

Figure 1.2.4.1 The age spectra computed using the trajectory models for UKMO, FVDAS and FVGCM.
Both diabatic (D) and kinematic (K) trajectories were run.  The age spectrum using UKMO data and the
chemical transport model is also shown. Note the lack of age offset in the kinematic results, and the
stretched out spectra in the diabatic cases.  These biases lead to a year difference in the mean ages.

In contrast to the DAS, the FVGCM shows good tropical isolation compared with
observations (Fig. 1.2.3.2).  Both Douglass et al. and Schoeberl et al. suggest that this
significant problem with tropical meteorological fields arises from the failure of the GCM
to simulate tropical phenomenon such as the QBO and the MJO.  As a result, assimilation
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of tropical data can produce bogus circulations that disrupt the tropical transport barriers.
The extra ventilation of the tropics explains the flat mixing ratios across the tropics seen
in almost every chemical model and also explains the too-young air at mid-latitudes.  It is
clear that this extra-ventilation will hamper the use of these models for chemical/climate
predictions.  The good news is that the FVGCM appears to do a reasonable job of
maintaining tropical isolation and thus should be suitable for long term integrations in a
climate-chemistry coupling mode.

Figure 1.2.4.2 Comparison of ER2 observations of NOy/O3 with CTM calculations using the FVDAS and
the FVGCM.  The upper left  figure shows the observations, the upper right shows a CTM calculation using
the FVGCM while the two lower figures show the same calculation using the FVDAS.

1.2.5 Climate change in the stratosphere

1.2.5.1 The impact of increasing CO2 on ozone recovery

The GSFC interactive 2D model developed under this IDS (Appendix D) has been used
to study the impact of increasing CO2 from 1980 to 2050 on the recovery of ozone to its
pre-1980 amounts as the chlorine loading of the stratosphere decreases. Natural and
anthropogenic source gas changes were specified according to WMO scenarios. The
changes in temperature and circulation arising from increasing CO2 affect column ozone
recovery in a manner which varies greatly with latitude and time of year, as shown in
Figure 1.2.5.1.1. While the gas phase ozone chemical loss rates in the middle and upper
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stratosphere are slowed down due to the decreasing temperatures, high latitude ozone loss
increases in the springtime lower stratosphere due to increased heterogeneous chemical
loss. High latitude ozone recovery is speeded up in fall and winter due to increased
downwelling. Annual mean column ozone is predicted to recover faster at all latitudes,
and globally averaged ozone is predicted to recovery approximately ten years faster as a
result of increasing CO2 [Rosenfield et al., 2002].

Figure 1.2.5.1.1 The interactive 2D model estimate of year ozone returns to climatological values with and
without CO2 increases.  Note that the recovery accelerates if CO2 increases because acceleration of the
stratospheric circulation brings more ozone down to the lower altitudes at higher latitudes.  This result was
published in Rosenfield et al. [2002].

1.2.6 Volcanic impacts

Using the interactive 2D model, the effects of future volcanic eruptions on the recovery
of the ozone layer were studied. Simulations to the year 2050 were completed.  In these
simulations volcanic eruptions having the characteristics of the Mount Pinatubo volcano
took place in the model at ten-year intervals starting in the year 2010. These eruptions
resulted in transient reductions of globally averaged column ozone of 2-3% relative to
background aerosol conditions. These transient losses revert to the nonvolcanic situation
within about five years after the eruption, suggesting that the long-term recovery of
stratospheric ozone would not be strongly affected by infrequent volcanic eruptions the
magnitude of Mount Pinatubo. A sensitivity test was carried out in which a 10% per year
increase of the background aerosol loading was imposed. This was found to have a large
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effect, leading to a slowing of the ozone recovery by more than ten years. These results
have been submitted for publication.

We have also studied volcanic emissions using the kinematic trajectory modelWe
performed simulations of eruptions into the Arctic vortex as part of a collaboration with
the aerosol group at NASA/Ames.  The simulations showed how the vortex could contain
the volcanic material.  Observations of the Hekla eruption during SOLVE showed that
the stratospheric plume could be contained within the vortex for weeks.  A massive
eruption would create enough aerosol surface area to produce an Antarctic-like ozone
hole in the Arctic Tabazadeh et al. [2002].  In our previous IDS we intended to use the
Pinatubo eruption data combined with a reanalysis of the meteorological observations
during the Pinatubo period to study stratospheric transport.  The meteorological
observations were to be supplied by a Pathfinder Data Set proposal (Pawson, PI).
Unfortunately, that data set is just now becoming available.  In addition, as described
above, we have found that the FVDAS provides inadequate tropical stratospheric
isolation [Schoeberl et al., 2002a] thus limiting the utility of the data for transport
simulations. However, with the FVGCM simulations we should be able to provide
reasonable assessment of the impact of volcanic processes on the
stratospheric/tropospheric region as outlined below.

1.2.7 Estimation of tropospheric ozone amounts

Under the current IDS proposal, we have investigated various methods of deriving lower
stratospheric global time-dependent ozone fields from available data sets. We use SAGE
II, UARS/HALOE, POAM II/III and balloonsonde profile measurements to characterize
lower stratospheric ozone. These instruments provide the high vertical resolution
necessary to capture small-scale dynamical variations, but at a limited spatial and
temporal sampling. PV/q mapping is used to estimate daily global ozone fields on
isentropic surfaces from these data.  This technique, formally developed by Schoeberl
and Lait (1993), takes advantage of the well-known correlation between PV and ozone,
which are both quasi-conserved tracers in the lower stratosphere in adiabatic flow. Using
NCEP Reanalysis global meteorological fields, we established linear regression
relationships between available ozone and PV for each month from 1985-2001.  The data
are fit separately in successive PV-bins in a piecewise linear fashion. The fit parameters
are then used with daily PV fields to estimate daily ozone fields. No extrapolation is
allowed, so locations with PV values outside the range of values associated with actual
measurements are not reconstructed.

While this technique is commonly employed to map ozone data from various sources and
its premise is generally accepted, a thorough analysis of the validity of reconstructed
fields as a function of latitude and altitude has not been presented previously. We tested
the internal consistency of the mapping technique by comparing reconstructed data to the
original data and investigate the differences as a function of latitude, altitude, and season.
In this study we considered only northern hemisphere latitudes.  In most regions, average
differences are within 5%. However, the reconstructed data are biased high below 525K
and equatorward of 40o N in all seasons. The fundamental cause of the bias is a consistent
variation of ozone with latitude in certain PV bins.  To reduce this bias, we fit the ozone
in each PV range to PV as before, but then test for a latitude-dependent residual. The
latitude bias is reduced to less than 10% in winter months, but is not eliminated
completely. We then use the reconstructed data in an effort to derive global tropospheric
ozone fields.  By subtracting the stratospheric ozone column from a coincident total
column ozone measurement, an estimate of the tropospheric column ozone can be
obtained [Fishman and Larsen, 1987]. We use profile data from the Solar Backscatter
Ultraviolet (SBUV and SBUV/2) series of instruments as our primary stratospheric data
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source, but the vertical resolution of the SBUV data in the lower stratosphere is
insufficient to resolve the tropopause. We therefore use the PV-mapped ozone fields to
fill in the lower portion of each profile, from 64 HPa to the 380K surface.  For the
altitude region from the tropopause to 380K, we have developed a balloonsonde
climatology based on latitude, month, and the pressure depth of the tropopause to 380K
layer. Daily variations in tropopause height are reflected in the variations of the layer
depth. With this additional parameter, we can reproduce ~50% more of the observed
variability than would a simple monthly latitude-based climatology.

Figure 1.2.7.1 shows comparisons between estimated ozone column amounts in each
altitude region and integrated ozonesonde data from 1985-1999. The data are from 13
sonde stations between 37 and 80 degrees north latitude. The top panel tests the
representativeness of the upper stratospheric portion of the profile by comparing the
TOMS minus SBUV-column-above-64 HPa residual to the sonde integrated ozone from
the ground to 64mb. The second panel shows the direct comparison of sonde and PV-
mapped data for 64HPa - 380K, the third shows the comparison between the sonde raw
data and estimates from the sonde climatology between the tropopause and 380K, and the
final panel shows the final residual tropospheric ozone compared to corresponding sonde
values. The estimated values in each region of the stratosphere compare reasonably well
with the sonde data, but when combining data and inherent uncertainties from each
region, the uncertainty in the residual tropospheric ozone is nearly twice as great as the
actual variability in the data. These results suggest that this methodology alone cannot be
used to accurately represent variations in tropospheric ozone on a daily basis. However,
we anticipate a reduction in the uncertainty of the tropospheric ozone residual estimates
with data from the Aura satellite. The uncertainties in the current analysis result from
calibration differences among a large array of instruments and dynamical variability
between measurements taken at different locations and times.  The total and profile ozone
from Aura will originate from the same platform, reducing the time and spatial variations
in the location of the measurements, and thus the noise in the comparisons should be
reduced.  The technique could be applied to HIRDLS and OMI data, for example.
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Figure 1.2.7.1  Scatter plot of daily data from integrated ozonesonde data and estimated ozone column
amounts in each altitude region from 1985-1999. Data are from 13 sonde stations between 37 and 80
degrees north latitude. Sonde data are plotted along the x-axis, and estimated values are along the y-axis.
The top panel shows the TOMS minus SBUV-above-64 HPa residual column amount from the ground to
64mb. The second panel shows PV-mapped data from 64HPa - 380K. The third panel shows sonde
climatology reconstructions between the tropopause and 380K, and the final panel shows the final residual
tropospheric ozone compared to corresponding sonde values.
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2.0 Proposed Research

Historically, the stratosphere and troposphere have been viewed as more or less distinct
domains, with the transport of trace constituents between the two domains being the
residual effect of complex dynamical processes within each domain.  In the PIDS we
moved our research efforts to the upper troposphere and lower stratosphere (UTLS).  In
this proposal, we continue our research efforts in the stratosphere and upper troposphere
but we extend our tools lower into the troposphere.  This IDS proposal intends to exploit
the EOS observations that have just begun to appear (e.g MOPITT data and MODIS
aerosol data) and those that will soon appear (e.g. Aura data) as well as new FVDAS and
FVGCM fields that have become available to us.  The proposed activity below is
organized around the four questions stated in the introduction.

2.1 (Q1) Is the ozone layer recovering?

2.1.1 Polar ozone loss

We propose to continue our research into the polar ozone loss using both in situ and remote
measurements.

2.1.1.1 Satellite Measurements of the Ozone Hole

The Antarctic ozone hole has shown considerable growth since the early 1980’s.  We
currently use TOMS total ozone observations to estimate the severity of the Antarctic
ozone hole by calculating the areal coverage of total column ozone having values less
than 220 Dobson Units (DU).  Figure 2.1.1.1.1 displays this areal estimate from 1979 to
the present (updated from Randel and Newman, 1998).  The areal extent of the ozone
hole showed steady increase through the 1980’s and early 1990’s with a slow increase
over the last 5 years.  Schoeberl et al. [1996] simulated the size of the ozone using a
trajectory model through 1994.  In this study, it was shown that the size is strongly
controlled by the levels of chlorine and bromine in the stratosphere.  Given the current
deceases of Cly and Bry resulting the Montreal Protocol, we estimate that the ozone hole
should be currently decreasing in size approximately 1% per year.  However, the size
simulation did not represent the interannual variability.
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Figure 2.1.1.1.1  displays this areal estimate from 1979 to the present (updated from Randel and Newman,
1998).

The areal estimate for 2002 was exceptionally small as a result of a series of stratospheric
warmings that took place over the course of the southern winter, and which culminated in
a major stratospheric warming on September 22, 2002.  The size was half as large as the
previous winters, and was the smallest ozone hole since 1988.  Meteorological analyses
reveal that the edge of the ozone hole was exceptionally warm during early September,
thereby inhibiting the formation of polar stratospheric clouds.  The results of the 2002
hole provide new guidance for understanding the interannual variability of the Antarctic
ozone hole.

The area of the ozone hole, combined with standard meteorological observations, is
extremely important to determining whether ozone is recovering to normal levels (e.g.,
see WMO 1998).  In this IDS, we propose to use OMI (Aura, see Table 2) observations to
extend our time series of observations.  First, we will compare the EP-TOMS
observations during the September 2004 period to the estimates from the OMI
instrument.  We will use 3-D CTM simulations of future ozone levels to estimate ozone
hole size.  The CTM (Appendix D) is currently able to simulate the ozone hole as
observed although there is an overall bias in the ozone amounts. Our analysis techniques
will be refined over the next proposal period and extended to include Aura’s MLS and
HIRDLS when they become available.  In the interim we propose to use the continuous
observation trajectory technique [Schoeberl et al., 2002b] for SOLVE II data and POAM
data (for other winters) to assess the ozone loss within the vortex region.

Ozone loss can also be estimated using non-trajectory methods.  Since the late 1980s, our
group has mapped trace gas constituents into potential vorticity  - potential temperature
(q) coordinates to arrive at large-scale three-dimensional constituent fields.   One of the
strengths of this approach is that it permits combining measurements from many
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instruments in many locations to create a coherent large-scale picture of a trace gas
distribution. Recently, Lary [2002] has used the technique to examine the requirement for
coincident data in validation. We propose to continue to improve quasi-conservative
coordinate mapping techniques to examine polar ozone processes (see Lait, et al., 2002).
Among the enhancements we envision are:
  - Improving the statistical characterization of the reconstructed field in PV/q

coordinates, replacing the ad hoc computations currently used with a more formally
justifiable procedure. This characterization would include the effects of persistent PV
anomalies found in some analysis products.

  - Improving the adjustments for diabatic effects.  We have had some success with
replacing a measurement's actual theta value with one that has been adjusted using
diabatic trajectory calculations. We wish to explore the possibility of doing continuous
adjustments directly in PV/q space using the heating rate fields.

  - Better characterizing the degree to which the technique may be applicable in the
“middle world'' region of the upper troposphere/lower stratosphere.  Reconstruction of
total ozone fields for comparison with TOMS data indicate that good agreement is
sensitive to the tropopause height (see Section 1.2.7).  Improving our ability to handle
lower altitudes could improve the feasibility of using PV/q mapping to determine total
stratospheric column ozone, which could then be used to better determine tropospheric
ozone amounts.  We may be best able to solve this problem using ozone assimilation
as is being tested in the data assimilation office.

2.1.1.2 MATCH Analysis

We have developed new tools that make it possible to address issues related to sampling,
trajectories, and data quality that allows us to gain an understanding of the uncertainties
that affect MATCH results.   We have developed a new versions of the MATCH
technique (Rex et al., 1998a, Rex et al., 1998b, Rex et al., 1999, Rex et al, 2002a; Rex et
al., 2002b) using data from the SOLVE campaign for the period January 1 – March 31,
2000. The MATCH technique involves a network of coordinated balloon launches across
Canada and Northern Europe.  Balloons are launched from one station and record profiles
of ozone.  A dynamical model applied in a forecast mode to predict the trajectory of the
sampled air mass at multiple levels.  When the model indicates that the sampled air mass
will pass nearby another sonde station, a second balloon is launched to coincide with the
predicted arrival of the previously sampled air mass.  A new ozone profile is then
recorded and then matched with the older air parcel.  From the trajectory information
ozone loss and ozone loss per sunlit hour can be obtained.

We have modified the MATCH analysis to increase the number of parcels and sondes
used.  We make no assumption about zero time photochemistry, and we include diabatic
effects.  In Figures 2.1.2.1 we simply reproduce the results of Rex et al. [2002a] using a
nearly identical approach to verify that using their assumptions we can reproduce their
results.

In Figure 2.1.2.2, we apply trajectory matching conditions and a MATCH scheme that
better accounts for uncertainties in the technique. This includes adding more parcels to
the integration and using a careful analysis of the interception air mass and further
filtered the sondes for bogus observations.  Both versions produce results with loss rates
of 2 – 7 ppbv/hr for SOLVE, consistent with those reported by Rex et al. [2002a] but the
uncertainties associated with are data we find are typically much larger than those found
by Rex et al. [2002a,b]. Rex et al. [2002b] argue that the January Arctic loss calculated
using ozonesondes data and the MATCH technique agrees with the loss suggested by
observations from POAM and MLS, but it is clear from their Figure 4 that this conclusion
is contingent on the uncertainty of the calculation.
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We propose to apply our revision of MATCH to both SOLVE II observations and to
POAM measurements using the basic idea of MATCH and also providing careful
characterization of the errors. It will be useful to compare the results of the continuous
injection technique [Schoeberl et al. 2002b] with our new MATCH analysis.  We have
been in communication with Markus Rex on the different calculations and have
exchanged ozonesonde match information.  We have also noted that ozonesondes that
have unusual instrument temperatures (box temperatures) can produce reasonable looking
profiles that are offset giving bad matches.  We have also obtained ECMWF data for the
SOLVE winter period and will be rerunning our codes using the ECMWF meteorological
analysis (the data set used by Rex) to make sure differences are not a result of the
different meteorological fields.  We propose to include POAM, ILAS II and SAGE III
data sets.  These data sets provide 12-15 profiles each day and have excellent precision
although the profiles do not have the vertical resolution of the sondes.  One complication
of using the POAM, ILAS II and SAGE III is that temperature measurements must be
interpolated to the profile locations from DAS data.

Figure 2.1.2.1  Our reproduction of the results of Rex et al. [2002a] with one sigma error bars for the
SOLVE campaign of January 1 – March 31, 2000. Stars are our results; triangles are from Rex et al.
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Figure 2.1.2.2 New version of MATCH with one sigma error bars for the SOLVE campaign of January 1 –
March 31, 2000 (stars) with MATCH results from Rex et al. [2000a] (triangles).

2.2  (Q2) Do we understand the process that control mid-latitude STE

The tropopause is a complex internal boundary within the atmosphere related to both
radiative and dynamical mechanisms [Thuburn and Craig, 1997]. The classic review of
stratosphere-troposphere exchange (STE) was given by Holton et al. [1995] (H95).  H95
argued that the conceptual model of a wave-driven pump (McIntyre, 1992) inducing
upward motion at the tropical tropopause with downward motion at middle and high
latitudes provides an effective paradigm for STE.  In fact, this global dynamic
framework, most clearly appropriate for the stratospheric overworld (region above
380K), is often more effective than explicit consideration of the variety of dynamical
events that occur in the vicinity of the tropopause [e.g. WMO, 1986, Danielsen et al.,
1970; Shapiro, 1980; Lamarque and Hess, 1994; Langford et al., 1996; Beekmann et al.,
1997, Bamber et al., 1984; Vaughan and Price, 1989; Price, 1990; Price and Vaughan,
1993; Ancellet et al., 1994].  Improved observations and modeling capabilities since the
H95 review have led to important refinements of the schematic view of STE.

In our IDS we have focused on the midlatitude tropopause rather than the tropics (the
cooperative IDS under Dessler (Appendix B) focuses on the tropical tropopause.)
Modeling studies at mid-latitudes show that the middleworld stratosphere (the region of
the stratosphere between the tropopause and the 380K isentrope) exchanges mass with
the troposphere on much shorter time scales than the stratosphere above 380K [e.g.,
Schoeberl et al., 1998, Gettelman, et al., 1999, Dethof, et al., 2000].  Transport
diagnostics derived from meteorological analyses, including 3-D tracer calculations,
suggests that mixing associated with Rossby waves keeps the middle latitude upper
troposphere and lower stratosphere more stirred than historically believed [Haynes et al.,
2001].  This means that while consideration of how much mass flows across the 380 K
surface might indicate how much stratospheric air is available for transport into the
troposphere, the amount of mass flux across the tropopause itself is probably significantly
larger because of local mixing of air into the middleworld stratosphere (region between
380K and the tropopause)from the troposphere.
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The importance of the UT/LS in chemistry and climate problems is well stated in a number of
international assessment documents (e.g. Houghton et al., 1995, Kawa et al., 1999, Penner et
al., 1999). Because the concentrations of many trace gases vary greatly across the tropopause,
changes in the UT/LS impact not only the radiative attributes of the atmosphere, but also the
chemical environment.  Within the context of chemical problems one of the largest
uncertainties is how much ozone and odd nitrogen is supplied to the troposphere from the
stratosphere as well as the fate of short-lived halocarbons.

2.2.1 Mass Transport from the Stratosphere to the Troposphere

A good conceptual model of the stratospheric circulation is that of a poleward pump driven by
breaking planetary waves in winter.  As this pump moves material poleward, by mass
continuity, air must rise in the tropics and sink at polar latitudes.  This concept has been
clearly documented in satellite and in situ trace gas observations (Mote et al., 1996, Russell et
al., 1993, Schoeberl et al, 1995, Shepherd, 2002, and others).  By definition, the exchange of
air between the middle and upper stratosphere and lower atmosphere is controlled by the rate
at which the air crosses the 380K surface.  Diabatic descent occurs throughout the seasons at
the boundary between the middleworld stratosphere and the overworld stratosphere
(Appenzeller et al., 1996, Schoeberl et al., 1998), and ascent occurs in the tropics.  Because of
the diabatic descent, it is very unlikely for gases that have entered the middleworld
stratosphere to move directly into the stratosphere above.  Thus air can only enter the
stratosphere through the tropical tropopause [Plumb et al., 1999, Plumb, 2002].

Trace gases enter the stratospheric middleworld from both the troposphere (e.g. Hoskins,
1991; Rood et al., 1992, Seo and Bowman, 2001) and from the stratospheric above 380K, the
latter being rich in ozone and other stratospheric trace gases.  Since the lifetime of air within
the middleworld is short, about 2-3 months on average [Schoeberl et al.,1998a, 1998b], there
is a strong link between the amount of ozone in the troposphere (exchanged via the
middleworld) and the large scale circulation of the stratosphere which controls the flux of
ozone across the 380K surface.  Unfortunately estimates of the amount of mass exchanged
across the extra-tropical 380K surface are uncertain to 30% or higher [Appenzeller et al.,
1996; Yang and Tung,1996].  Even though there are dynamical constraints on this flux, there
are complexities in exploiting these constraints [Plumb, 2002].  A significant amount of
uncertainty also comes from the imbalance in the globally integrated heating rates and mass
fluxes [Shine, 1989, Olaguer et al., 1992].

Dethof et al. [2000] has attempted to evaluate the UTLS exchange rate of mass using contour
advection techniques.  Intrusions from the upper troposphere into the middle world and vice
versa are tracked using contour advection, and the mass of this transfer is evaluated.  They
found that there was net adiabatic flux from the upper troposphere into the stratosphere even
though the two processes had nearly the same magnitude. The approach of estimating the
stratospheric component of tropospheric mass flux by examining the large scale circulation
would appear to be far more fruitful than estimating transfer from contour advection, because
it is not clear whether spectacular intrusions are responsible for most of the flux of mass from
the stratosphere or whether the more frequent smaller intrusions transfer the bulk of the mass
into the troposphere (H95). In our recent research we have attempted to extend the
Appenzeller et al., [1996] technique to ozone transport, but because of the highly variable
ozone amounts in the middle world as revealed by sondes, we found that the calculation was
too sensitive to the assumed ozone profile in the middleworld (i.e. Logan [1999] ozone
climatology).

Postel and Hitchman [1999] have identified additional preferred regions of mass transfer
between the tropical upper troposphere and the middleworld stratosphere.  These regions
occur near summer monsoons where the isentropes extend from the middleworld stratosphere
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into the tropical troposphere and the flow is north-south.  Monsoon transfer may dominate the
exchange between the middleworld stratosphere and the troposphere in the summer
hemisphere.  Interest in the summer Asian monsoon region has increased since HALOE data
appears to show that the injection of water vapor into the lower stratosphere through that
region [Rosenlof, 2001]

2.2.1 Proposed STE Research

Knowing the net flux of mass and tracers into (and out of) the troposphere from (and to) the
stratosphere is a key issue for both stratospheric and tropospheric chemistry.  This issue
impacts our understanding of the chemical processes of both regions – both the budget of
tropospheric ozone and the budget of stratospheric trace gases that control stratospheric
ozone.

a. Mass transport and age

The stratospheric middleworld is a highly variable region.  During winter, the mid-latitude
380K surface rises and the tropopause descends.  The volume of the stratospheric
middleworld increases.  Air within this region becomes more stratospheric in character when
as the mass transfer from the overworld across the 380 K surface increases due to diabatic
descent.  By the end of winter, trace gas measurements show that 60-80% of stratospheric
middleworld air may have come from the overworld [Ray et al., 1999]. The depth of the
stratospheric middleworld also varies under the influence of the tropospheric weather systems.
Figure 2.2.1.1 shows the mass within the stratospheric middleworld using FVDAS data on Jan
2, 2000 assigning 2 PVU for the midlatitude tropopause. The high degree of longitudinal
variability reflects the upward and downward displacement of the tropopause.
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Figure 2.2.1.1 The mass column of the middle world (zonal mean value is shown to the left) on Jan 2, 2000 using
the FVDAS observations.  Mass column in gm/cm2 is a rough equivalent of depth.

Figure 2.2.1.2 The FVDAS diabatic (radiative plus diabatic plus turbulent) heating rate (colors) in K/day as well
as selected isentropic surfaces.  The tropopause is dashed.  Upper figure is the zonal mean, the lower figure
shows the cross section at 0o longitude.  White areas show regions of latent heat release.

Mass exchange can be partitioned into flow across potential temperature isentropes
(adiabatic)and flow across isentropes(diabatic). Figure 2.2.1.2 shows that although isentropes
and the tropopause cross more obviously between about 20o and 40o latitude such crossings
occur at higher latitudes as well.  One of the complicating factors of adiabatic exchange is its
reversibility.  For example, both Dethof et al. [2000] and Seo and Bowman [2001] found that
nearly as much air moved adiabtically into the stratosphere as moved into the troposphere.
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Diabatic as well as adiabatic flow can exchange material across the tropopause boundary at all
latitudes (as might be expected.  This means that the approach used by Dethof et al. [2000]
which emphasized the exchange in the 20-40o region may have incorrectly estimated the
adiabatic exchange between the middle world and the troposphere at higher latitudes [Wernli
and Bourqui, 2002].  The approach of Appenzeller et al. [1996] can be generalized to include
the diabatic cross tropopause fluxes of mass.  We can describe the middle world mass balance
as follows:

† 

dM
dt

= F380K - (Ft
d + Ft

a )

where  M is the mass of the middle world and F are the fluxes across the boundaries. Ft  is
the tropopause flux (superscript means adiabatic or diabatic).  By definition the 380K
flux at the top of the middle world is a diabatic flux – adiabatic fluxes would be parallel
to the isentropic surface.

Using a standard diabatic radiative transfer model, we can compute Ft
d and F380K as well

as dM/dt from an estimate of the tropopause height.  This allows us to solve for Fa
t.

Using UKMO data and our computed diabatic heating rates we balance the mass flux so
that the net is zero. Figure 2.2.1.3 illustrates the expected annual cycle in the middleworld
volume change; dM/dt is negative in the spring as the middleworld collapses and positive
in the fall when it grows. The 380K fluxes show little seasonal change as noted by
Appenzeller et al. [1986].  The net flux computed from the difference between the 380K
flux and the rate of change in the middleworld mass agrees with the estimates of
Appenzeller et al.  The diabatic tropopause flux (smoothed using a 30 day box car filter)
is negative with smaller fluxes in the summer and larger fluxes in the winter as might be
expected simply from the annual cycle of baroclinic activity.  Subtracting the diabatic
flux from the net flux the adiabatic flux is positive.  This means that there is a net
adiabatic flux of tropopause air into the stratospheric middle world balancing the
downward diabatic tropopause flux.  The direction of the adiabatic flux is opposite to that
deduced by Dethof et al. [2000].
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Figure 2.2.1.3 Mass fluxes and mass variations of the middle world computed using the off-line radiative
transfer model and the UKMO assimilation for 2000.  Solid lines are the NH, the dashed lines are SH, the
dotted lines are (minus) the tropics.

Figure 2.2.1.4 shows the year-to-year variations in the annually averaged fluxes from the
UKMO DAS and from the FVDAS (only 2000). At 380K the fluxes for FVDAS and
UKMO agree. This figure shows that from the UKMO data adiabatic inflow into the
middle world is a persistent feature; however, the FVDAS estimate of the magnitude of
the adiabatic flux is very different and significantly smaller (by more than a factor of 2).
The discrepancy lies in the estimate of the tropopause diabatic flux as indicated in Figure
2.2.1.4.

The source of these differences probably arises from the presence of cloud radiative
heating near the tropopause although other differences in the assimilation procedure
could also contribute to biases in the fluxes [Gettelman and Sobel, 2000].
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Figure 2.2.1.4 The annual variation in the fluxes across the troposphere and the 380K surface.  Mass flux
across the380K surface (lower right), dotted line -  tropical flux, solid line - extra tropical NH flux, dashed
line - extra tropical SH flux. The + and * are NH and SH results from FVDAS, respectively.  The triangle
and the square are NH and SH results from FVDAS with the tropopause raised to 3.5 PVU.  Upper left, the
net tropopause flux computed using the Appenzeller et al. [1986] method which uses the 380K flux and the
time rate of change of the middle world mass (see figure 2.2.1.3).  Lower left, the diabatic cross tropopause
flux computed from net radiative heating (UKMO case) and total radiative heating (FVDAS) case. Upper
right, using the net tropopause flux and the diabatic flux the adiabatic flux can be computed. The x and
diamond are the tropical upwelling fluxes for the 2 PVU tropopause and the 3.5 PVU tropopause cases.

The mass exchange between the troposphere and the stratosphere will no doubt be a
powerful diagnostic on the capability of models to simulate that region.  The current level
of uncertainty – even that seen in Figure 2.2.1.4 – shows that the models have a long way
to go in reconciling their analysis at the tropopause level.  Additionally, constraints on the
global mass flux discussed by Plumb [2002] have not been fully exploited.  We propose
to continue our research in this area.  Just as our age spectrum inter-model comparisons
provided new insights on capabilities of the DAS and GCM models, we expect that
continued analysis of the mass exchange along the tropopause will provide a new
diagnostic capability.

We propose to analyze the yearly variations of the FVDAS model back to 1991.  The
FVDAS has now been run for 1999 and 2000 but is just now completing the years 1991-
1995.  The analysis will also be extended to 2001-2.  The FVGCM will also shortly
complete a new 50-year run with greenhouse gas changes and we will apply our
diagnostics to that run as well.  Improved temperature retrievals from AIRS/AMSU
should show up in improved FVDAS tropopause diabatic heating rates and we expect



24

that FVDAS analysis of the tropopause flux will change once the Aqua observations
begin assimilation.

b. Ozone transport

Because of STE, the stratosphere is a significant source of ozone in the troposphere.
Estimates of the stratospheric contribution to tropospheric ozone vary from 35%-10%
depending on the model [Hauglustine et al., 1998].  Tropospheric ozone is a significant
greenhouse gas as well [Lacis et al., 1990]. In addition, there is good evidence to believe
that tropospheric ozone has increased in the northern mid-latitudes since pre-industrial
times [Staehelin et al., 1994, Marenco et al., 1994].  Calculations of the radiative impact
of the ozone increase vary from 0.2 to 0.6 Wm-2 [Houghton et al., 1995].  This wide
range can be attributed to the short lifetime of tropospheric ozone (on the order of a few
weeks) and a variety of natural as well as anthropogenic sources which leads to a highly
variable distribution.  Adding to the uncertainty in the tropospheric ozone variability is
the stratospheric ozone contribution due to STE because locally STE is strongly
correlated with meteorological events and varies with short-term climate change (WMO,
1986, Langford, 1999) as discussed in Section 1.2.3.  It is upper tropospheric ozone
which is most affected by STE and which also has the strongest climate forcing [Lacis et
al, 1990].  Thus, even though the percentage contribution of stratospheric ozone to the
total tropospheric ozone burden is expected to decrease as pollution-driven surface ozone
sources increase, the stratospheric impact on the tropospheric ozone-forced climate
change will probably remain significant.

We propose to use the Olsen et al. [2002a] algorithm with meteorological fields from the
new FVDAS fields (1991-2002) to investigate seasonal and interannual variability and
trends in cross-tropopause ozone flux.  Since the flux locations are determined, both
temporal and spatial trends and variability can be examined. These results will be
interpreted in the context of stratospheric ozone trends and the relationship between STE
and climate.

In addition to ozone transport into the troposphere we propose to look at unconventional
regions for water vapor entry into the stratosphere.  Convection and net radiative heating
in the tropics are probably primary mechanism for transport of water vapor from the
troposphere to the middle atmosphere [e.g., H95, Sherwood and Dessler, 2000].
However, other stratospheric injection sources have been recognized, including
convection associated with monsoon activity [SPARC, 2000].  The extent to which the
Asian and North American monsoons increase the water vapor in the lower and middle
stratosphere remains unknown.  Mote et al. [1996] describe the seasonal variability of the
stratospheric water vapor as a "tape recorder" of tropical tropopause temperatures.  In
their work a discrepancy exists between middle stratospheric water vapor mixing ratios
and the stratospheric entry mixing ratios found using back trajectories.  Their 2-D back
trajectories do not exhibit air originating from the Asian monsoon. The tropics are
considered zonally symmetric in the transformed Eulerian mean formulation and the
asymmetric monsoon outflow into the tropics cannot be resolved.  However, Mote et al.
note that the water vapor mixing ratios in the monsoon region are similar to the mixing
ratios found later in the middle stratosphere.  Dethof et al. [1999] show that water vapor
may be transported to the stratosphere from the northern flank of the Asian monsoon.
The Goddard kinematic trajectory model will be used to investigate the role the Asian
and North American monsoons play as a source of stratospheric water vapor.  Back
trajectories of stratospheric air parcels will be calculated with 3-D wind fields from the
FVGCM to determine the tropospheric source.  Parcels of a monsoon origin may be
transported directly to the extratropical lower stratosphere or may be advected to the
tropics before convection lofts them to tropopause heights.  The parcels' histories can be
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examined to determine the relative importance of the seasonal monsoons to the
midlatitude lower stratosphere and tropical stratosphere humidity.  This activity is
coordinated with the Dessler IDS (Appendix B).

2.3 (Q3) How does the long range transport of pollutants affect local air quality and
chemical processes?

2.3.1 Aerosol transport and smoke

With the development of the kinematic trajectory model and the gradual extension of the
IDS effort into the troposphere, we have begun investigate the transport of tropospheric
pollutants.  This new effort involves the use of Terra, Aqua MODIS aerosols [Kaufman et
al., 2002] and TOMS aerosol data [Torres et al., 1998] as well as MOPITT CO data along
with ground based aerosol information.  Somewhat fortuitously, a significant aerosol
event occurred over the east coast in July 2002.  This event provides an excellent study
topic and a chance to exercise the analysis tools developed under the PIDS.

2.3.1.1 The East Coast Smoke Event of July 2002

On July 5, 2002 wild fires broke out just east of Hudson Bay, Canada.  These fires
created a thick smoke plume that was transported southward along the flank of a
northward moving low pressure system off the east coast.  The smoke was transported as
far south as North Carolina.  Aeronet observations near Goddard Space Flight Center
showed an optical depth of 7 (their limit) and smoke odor was noticeable at the surface.
Aircraft observations (Bruce Doddridge, personal communication) showed ozone in the
plume had risen to 120 ppbv and higher.  There is good evidence that air quality in New
England states was bumped to Code Red by this event alone.  This event was similar to
the Egnell Lakes Fire of 1982 (Eg event). The Eg event was probably the first smoke
event of this type to be observed by satellite, although a comparable large-scale event
was occurred in the 1950’s [Westphal and Toon, 1991a].

An analysis of the East Coast event using the kinematic trajectory model and FVDAS
data has been very useful.  Figure 2.3.1.1 shows the smoke event as observed by
SeaWIFS.  The gap between the fresh plumes and the older smoke is due to the diurnal
nature of the fires.  This diurnal nature was established by GOES (Geostationary
Satellite) IR fire channels and is consistent with gap between the younger and older
plumes shown in the figure.
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Figure 2.3.1.1 SeaWIFS image of the smoke plumes east of Hudson Bay on July 6, 2002.  Smoke can be
distinguished from cloud by its faint yellowish color.

Our trajectory analysis also showed that the smoke event consisted of several plumes that
resulted from diurnal fire variability. (Apparently forest fires flare up during the day
when they can be fanned by boundary layer winds, and then bank down at night.)  The
trajectory studies showed a strong correlation between the TOMS aerosol index and
parcels which had passed over fire region.  However, TOMS did not detect the smoke at
the source region. TOMS detects the presence of smoke layers based on the interaction
between aerosol absorption by carbonaceous aerosols and the large Rayleigh scattering
component in the near ultraviolet region (330-380 nm). TOMS uses measurements of
radiances at two near UV wavelengths to calculate an aerosol index [Torres et al., 1998].
The detection of smoke by TOMS is possible even over bright backgrounds such as cloud
decks and over snow/ice covered surfaces.  Our preliminary study showed TOMS
detection of smoke was superior to the MODIS aerosol algorithm over land.  The altitude
of the plume used for the trajectories was fixed by the aircraft observations.  In the future,
IceSat or CALIPSO lidar observations can help us fix the height of the cloud.
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Figure 2.3.1.2  Trajectories for the smoke event of July 7 2002.  Colored lines with terminating as dots
show the trajectories – the dots are show the position and the tail shows the trajectory history over 24
hours.  The color of the dot indicates an aerosol index value from TOMS.  Red inverted triangles show the
location of fires.  Contours are the geopotential height of the pressure surface associated with the parcels
(723 hPa). Overlaid on the parcel plots is the TOMS aerosol index value (high values are red/white – low
values are blue).  Note the parcels are curving around the low pressure system over eastern Canada.

Figure 2.3.1.2 shows the trajectory analysis.  The trajectories are initiated from the
TOMS data and run backward then forward from July 3.  The tails on the trajectories are
one day long.  Fire locations were hand digitized from GOES data and are shown as red
inverted triangles.  The mean altitude of the trajectories is 723mb.  The parcel tails show
that the TOMS smoke initiated trajectories passed near or over the fires.   The correlation
between the distance between the trajectories and the fires is shown in Fig. 2.3.1.3.  This
figure shows that high aerosol amounts generally correlate with close proximity to the
fire while lower aerosol amount is found further from the fire.  However, unexpectedly
low aerosol amounts are found for trajectories that passed very close to the fire.  This
suggests that some fires were not able to loft significant material into the free
troposphere.
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Figure 2.3.1.3 shows the correlation between the aerosol amount (from TOMS – the aerosol index) and the
minimum distance from the trajectory to the fire.

The coupling of the free troposphere to the pollution source is a key issue in the transport
of pollution from the source.  How does the pollution get into the free troposphere?  How
does the pollutant, once in the free troposphere, couple back to the surface?  In the case
of the smoke event, this latter question can be addressed using MPL (Micropulse Lidar)
data taken over Goddard.  Figure 2.3.1.4 shows the MPL data for the smoke event.
Superimposed on the image is the boundary layer height calculated using the FVDAS.
The white arrow shows where the boundary layer is predicted to intercept the smoke
plume.  At roughly that point in time the aerosol is seen throughout the boundary layer
indicating that the plume has been coupled to the surface.

This observation demonstrates an important process by which material in the free
troposphere moves to the surface under non-frontal conditions.  Namely, the boundary
layer turbulence has to reach the plume in the free troposphere.  This tells us not only the
minimum height of important plumes (they must be near 2 km in this case) but also the
time of day the material will be transported to the surface (during the late morning and
afternoon, but not at night).
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Figure 2.3.1.4  MPL data from GSFC showing the aerosol layer for the smoke event of early July 2002. The
dotted line is the analyzed boundary layer height.  The arrow shows where the plume couples to the surface
through boundary layer turbulence.

2.3.2.1 Proposed Research on Smoke Plumes

Smoke plumes from large fires are observed to affect the surface temperature through the
attenuation of solar radiation as a result of both absorption and reflection.  As the smoke
particles coagulate, their radiative impact increases.  For example, Westphal and Toon
[1991a] computed that the increase in particle size after 42 hours could increase the radiative
forcing by 11%, and the Eg fire appeared produced a cooling of about 5K at the surface
[Robock, 1988].

There are currently large uncertainties associated with the importance of black carbon to both
direct and indirect climate forcing.  Additionally, aerosol and chemical species associated
with smoke plumes have uncertain, but probably large effects on pollution downwind of
source regions.  The extent to which pollutants transported in smoke plumes may affect
downwind air quality and have regional health effects depends not only on the plume
composition, but also on its transport pathway.  In particular, the altitude the plume is emitted
and subsequently transported at has large implications for where it is transported to and how
long it resides in the atmosphere.  Complicating factors include the chemical evolution of the
aerosol particles and the radiative effects on the plume [Westphal and Toon, 1991a,b].  The
NOx emission from the fires means that elevated ozone often accompanies the plumes
(NO2+hv (l<420 nm) -> NO +O(3P) followed by O2+O(3P)+M-> M+O3).
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Current climate models will typically mix smoke from biomass burning uniformly
throughout the model planetary boundary layer.  Smoke from boreal forests, however,
may be emitted at a much higher effective altitude and subsequently transported much
further [Lavoue et al., 2000].  We propose to investigate the altitude of smoke injections
through use of a chemical transport models, trajectory studies and satellite observations.
Large scale simulations may be carried out using GOCART (Appendix D).  More
focused studies, including an analysis of the summer 2000 Canadian smoke transport, are
being conducted with the NASA/University of Colorado Community Aerosol and
Radiation Model for Atmospheres (CARMA) [Toon et al., 1988].  Earlier versions of
CARMA were employed in the analysis of the Eg fire [Westphal and Toon, 1991b]. 
More recently, CARMA has been coupled to NCEP/NCAR reanalyses to study dust
[Colarco et al., 2002].  CARMA contains a full microphysical package, so that it is
possible to model the smoke aerosol particle size distribution with any desired level of
detail.  This allows us to study coagulation and water uptake on the smoke particles and
then study the subsequent effects on light scattering and absorption.  CARMA is
computationally inexpensive because it is run over a limited domain using archived
meteorological fields.
 
The ability of the current array of satellite sensors to monitor smoke plumes has
expanded enormously [Kaufman, et al., 2002] since the Eg study.  IceSat lidar data,
which provides aerosol altitude information, should be available in early 2003, may be
used to estimate the smoke injection altitude.  Data from MPLNet (micro-pulse lidar
network) will be useful for validating emission altitudes and for looking at smoke plume
transport into the boundary layer downwind from sources, while GLAS will allow us to
probe the plume altitude closer to source regions.  An improved understanding of smoke
injection heights will allow us to better constrain downwind pollution and the effects of
biomass smoke on climate forcing.

Figure 2.3.2.1 CO observations of the East Coast fire event from MOPITT averaged over 8 days. Units are 1018

mol/cm2 (From Dave Edwards and the MOPITT team.)
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Work by Lavoue et al. [2000] shows that ground based intensity and the height of injection
form a linear relationship for Canadian crown fires.  With the MODIS 4µ and 11µ fire
algorithm [Kaufman et al., 1998] it should be possible to develop a satellite based intensity
measure from which the fire injection height can be computed.   This height can be verified
with IceSat lidar data or from subsequent computations of plume evolution [Allen and
Schoeberl, 1999]. CO observations should also be helpful in diagnosing the fire impact (see
Figure 2.3.2.1) GOES observations will allow us to track the time dependence of the fire
intensity – this time dependence is critical for defining the plume structure as was found in the
East Coast fire event.  Once the plume reaches the free troposphere, we can use trajectory
calculations to estimate the plume structure with high time resolution.  We can then use the
boundary layer height information to assess the impact on surface air quality, especially
PM2.5 and ozone, as monitored by the Environmental Protection Agency (EPA) [Finlayson-
Pitts and Pitts, 1997].  If this capability of predicting surface air quality is found to be
effective, it may provide a global capability to directly assess air quality effective due to
natural and man-made point sources of intense aerosol pollution.

MOPITT observations have recently revealed spectacular examples of global CO plumes as
shown in Figure 2.3.2.2.  The origin of the plume is not clear since high CO data is seen over
the whole south central African biomass burning region, and the MOPITT observations do not
give us any clue as to the altitude or exact origin of the plume.

We can estimate the origin and altitude of the plume shown in Figure 2.3.2.2 using the
trajectory model and the procedure described by Allen and Schoeberl [1999].  Figure 2.3.2.3
shows a sixteen-day back trajectory calculation at 320 K (developed as a reverse domain fill
experiment).  Parcels are tagged if they move over the square shown in the figure, best
agreement with observations are obtained by advecting the parcels at the 320K surface. What
is evident in the simulation is that the trans-Pacific plume is originating from the 10o-20o S
region.  Furthermore, the enhancement over South Africa may be due to a plume as well.

Figure 2.3.2.2 MOPITT data for November 2000.  Note the plume of high CO extending eastward from
southern Africa across the date line.  Provided by Dave Edwards (NCAR) of the MOPITT Team.
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Figure 2.3.2.3 Simulation of MOPITT data for November 3 2000.  RDF trajectory calculation was run for
16 days over the tropical region.  Parcels were tagged with the date when they passed over the square
regions shown in each figure.  (Squares are 10o wide (latitude & longitude).  The age of the plume is shown
in color.  Compare with Figure 2.3.2.2

Back trajectory studies combined with CO and aerosol measurements will allow us to better
characterize global transport in the tropics and ultimate help understand the tropospheric
ozone distribution and its anomalies [Thompson et al., 2000].  As we refine out proposed
simulation of smoke plumes, we intend to expand our studies to the biomass burning regions
of the tropics.  The focus of concern is the buildup of tropospheric ozone over the South
Atlantic that has been diagnosed from both tropospheric ozone residual methods and
SHADOZ sondes [Thompson et al., 2002] (Figure 2.3.2.4). Moxim and Levy [2000] using
GFDL models suggest that the anomaly is primarily due to lightning rather than biomass
burning.  This conclusion is supported by preliminary analysis of the MOPITT data that
shows the lack of a CO plume in the ozone anomaly region (Edwards et al., 2002).  NOx
generated by lightning will not show a CO signature unlike NOx generated from biomass
burning,  (NOx is a precursor to ozone.)  However, the SHADOZ ozonesonde data shows the
tropospheric ozone anomaly penetrates nearly to the surface suggesting multiple sources of
ozone since a lightning source would produce a high altitude anomaly.  Indeed, Thompson et
al. [2001] suggested multiple sources for tropospheric ozone in the Indonesian fires that
occurred during the last El Nino.  There are several hypotheses to test here:  Could the ozone
anomaly be due to multiple sources?  Why doesn’t the anomaly disperse along the subtropics
– what maintains the anomaly?  What are the relative roles of biomass burning and lightning?
An intriguing finding from a preliminary data assimilation of early 1998 SBUV ozone in the
FVDAS [Hayashi et al., 2002] is advection of middle and upper troposphere ozone from
higher latitudes toward the tropical Atlantic.  The variability observed over the south Atlantic
compares well with ozonesondes from Ascension Island (8S, 15W) during the early 1998
period.  Likewise, comparisons between assimilated ozone and sonde profiles at Fiji (18S,
178E) at that time are very good.  Meridional advection has not been considered as a possible
contributor to the south tropical Atlantic ozone maximum and needs to be studied further.
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Figure 2.3.2.4 SHADOZ analysis of tropospheric ozone from sondes stations indicated in figure.  The high
values of ozone shown in the center of the figure indicate are due to the South Atlantic ozone anomaly.

For tropical plumes of aerosol, CO and ozone, the goal of the trajectory studies will be to
compare the transport properties of GOCART with observations. The transport questions must
be resolved before an assessment of the ozone anomaly simulation can be determined.  We
propose to make such transport assessments in this proposal.  In the next section we describe
in more detail the role of modeling studies in our overall effort.

2.4 (Q4) How do chemical changes in the atmosphere affect climate?

To answer (Q4) we will be using a number of models that are described in Appendix C and D.
The models are appropriate for different applications, as there are trade-offs between speed
and complexity, and different types of experiments that will be proposed.  Figure 2.4.1 shows
a cartoon of the various models discussed below with a rough assessment of their relative
computational speed.  Clearly the computationally cheaper models are more useful to “explore
parameter space” and to gain insight into feedbacks.  The more complex models are useful in
assessments and increasing our confidence that the interactions seen in the simpler models
provide insight into actual atmospheric processes.  We do not propose development of any of
these models – it is beyond both our budget and scope, but our proposal includes
improvements to some of them.
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Figure 2.4.1 The relationship between the various models described in this proposal. The models can be
categorized roughly by uses.  The trajectory models and the stratospheric CTM (chemical transport model) are
used primarily for process studies Results from these process studies support assessment applications.  The
Goddard 2D model, the GMI (Global modeling Initiative Model) and GOCART aerosol model (Appendix D.4.1)
are used in processes studies and assessment calculations. Like the GSFC CTM, the GMI calculates constituent
evolution using meteorological fields from assimilation systems or general circulation models.  FVGCM can be
used in a climate assessment mode but has no interactive chemistry. The Interactive 2D model is used for
climate/chemistry studies.  Eventually the chemistry elements of GMI will be incorporated into the FVGCM.
This fully coupled 3D model does not exist yet.

2.4.1 The Interactive 2D model

The interactive 2D model has proven to be a useful tool for investigating the links
between climate change and chemistry in the stratosphere. For this investigation we
propose to study is the impact of long-term increases in stratospheric water vapor on
stratospheric dynamics and chemistry. Rosenlof et al. [2001] combined existing water
vapor data sets to show a 1%/year increase in stratospheric water vapor over the 1954-
2000 period. In preliminary work with our 2D model, a water vapor trend of 1%/year was
imposed in the stratosphere. Figure 2.4.1.1 shows that this trend might have a major
impact on global ozone, delaying recovery by more than twenty years. Dvortsov and
Solomon [2001] found a delay in ozone recovery at a northern midlatitude with a 2D
model as well due to water vapor increases mainly as a result of increased HOx losses.



35

Figure 2.4.4.1 Globally and annually averaged column ozone from the 2D model showing the delay in
recovery of ozone if 1%/year increase in water vapor is included.

Our mode is more complex.  We find that the increased water vapor affects the PSC’s in
our model leading to more polar ozone loss, thus our preliminary results show a larger
impact on ozone recovery. We propose to examine the effects of increasing water vapor
more extensively, including possible feedbacks on circulation and other chemical species.
Because the results are sensitive to the PSC algorithm [Considine et al., 2000], we will
compare its performance in 3D simulations with its performance in the 2D framework.

2.4.2 The Three Dimensional Constituent Modeling: Development and Applications

2.4.2.1 Troposphere-Stratosphere CTM

Ozone in the upper troposphere is an important greenhouse gas, and its evolution is
affected by local photochemistry and by transport both within the troposphere and from
the stratosphere.  Although many photochemical processes of importance to the
troposphere are not important to the stratosphere, and vice versa, the linkage between the
stratosphere and troposphere makes it necessary to develop modeling capability to
address the entire region.  We will continue to develop such an in-house modeling
capability by capitalizing on our involvement with the Global Modeling Initiative (GMI)
as detailed in Appendix C.  A near-term goal of GMI is identification of a minimum
photochemical mechanism to represent the photochemical processes that contribute most
strongly to ozone evolution in the upper troposphere and lower stratosphere.  The
chemical mechanism will be defined, evaluated, implemented in the GMI CTM
framework, and made available to all GMI team members. In addition to our participation
in evaluation of this combined stratosphere/troposphere version of the GMI CTM, we
will implement the combined mechanism in our CTM framework (Appendix D.2) and
use this capability in process studies.

The current CTM capability will be extended downward into the free troposphere and at
some point linked to the GOCART model system.  This merging of models will take
place over the next few years, but it is not part of our proposal activity.  What we do
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propose to do is use the merged model (eventually) and GOCART initially to look at
biomass burning events as described in the smoke research (Section 2.3.2.1) and extend
this research to looking at ozone and ozone transport – first as a result of boreal fires and
then inside the tropical region. The goal here is to look at ozone generation as a
contribution to greenhouse gas increases. Previous studies (e.g., Mickley et al, 2001)
have been limited in that the models used could not correctly assess the flux of ozone
from the lower stratosphere into the upper troposphere.   Our efforts to quantify ozone
STE and evaluate modeled STE for meteorological fields from the FVGCM and FVDAS
(section 2.2.1) will contribute to this application.

Aura and Envisat instruments will provide detailed information on the upper troposphere
and lower stratosphere (See Table 2.3). We propose to evaluate the importance of short-
lived halocarbons to the stratospheric burden of chlorine and bromine using Aura data to
evaluate relevant aspects of model transport. The HIRDLS instrument will provide
profiles of ozone, H2O, N2O and other constituents at about 1.5 km vertical resolution
into the upper troposphere in the absence of clouds. This data set will enable a thorough
evaluation of model processes that contribute to transport between the upper tropical
troposphere and the lowermost stratosphere [e.g., Ray et al.,1999; Nielsen and Douglass,
2001].  Accurate representation of such transport, including its seasonal and longitudinal
variability, is key to evaluating the importance of the short-lived halocarbons.  Results
from Schoeberl et al. [2002] and Douglass et al. [2002] show excessive ventilation of the
tropics produced by winds from various data assimilation systems.   We propose to make
comparisons of observed and modeled constituents in this key region of the atmosphere.
Such comparisons will provide information to improve the representation of processes in
the FVGCM, and also lead to improvements in the transport associated with the FVDAS
fields.

2.4.2.2 The Fully Coupled General Circulation Model with Chemistry

A central focus for atmospheric research has long been development of the capability to
evaluate the response of atmospheric composition and climate to natural and
anthropogenic forcing.  The ideal assessment model will represent the dynamic, radiative,
and photochemical processes and coupling between them.   Such efforts have a long
history.  The FVGCM, which was developed in collaboration with the National Center
for Atmospheric Research (NCAR), uses a flux-form semi-Lagrangian transport scheme
[Lin and Rood, 1996, 1997] and a quasi-Lagrangian vertical coordinate system [Lin,
1997] to ensure accurate representation of transport by the resolved-scale flow.  We have
used the daily averaged meteorological fields from FVGCM in our CTM framework.
Physical parameterizations in the current version of the FVGCM come from the Version
3 NCAR Community Climate Model [Kiehl et al., 1998].  The FVGCM is described in
Appendix D.

Analysis of the results of CTM calculations using meteorological fields from the
FVGCM have prepared us to participate in the development of this fully coupled model.
Computational resources are available to include the full photochemical calculation that
replaces the climatological ozone currently used in the FVGCM.  This effort is being
accomplished in collaboration with the primary developer of the dynamical core of the
FVGCM, S. J. Lin of the GSFC Data Assimilation Office (DAO).  Evaluation of the
coupled model using comparisons of constituents with observations will benefit from our
broad experience in analysis of off-line transport.

As the fully coupled model is developed by the DAO, we propose to analyze its output.
The differences between observed and modeled constituent behavior will provide an
independent source of information for evaluating model performance, particularly in the
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tropics where most observations are of temperature and where the temperature and wind
fields are not strongly constrained.  This evaluation will follow our GMI experience, and
emphasize development of quantitative diagnostics from constituent observations.
Evaluation of this model will be used to identify the consequences of the zonal-average
approximation for applications of the interactive 2D model to issues such as the impact of
a trend in water vapor on the future behavior of stratospheric ozone. The ultimate goal of
the process studies and the comparisons of the representation of processes in 2D and 3D
models is to improve the physical basis of assessment models thereby reducing
uncertainty and increasing confidence in the results.  The actual assessment calculations
will most likely be undertaken through the GMI effort (Appendix C).

2.5 Statistical Analysis of Data Sets and Aura Validation

Inhomogeneity in atmospheric chemical fields makes validation of satellite
measurements complex.  Work under the PIDS on validation issues included an estimate
of the contribution of geophysical variability to differences between local (in situ) and
satellite measurements. The motivation for these investigations comes our link to the
EOS missions, especially Aura, and our participation in validation and other field
campaigns associated with missions.  Figure 2.5.1 shows the result of a statistical analysis
of over 106 high-resolution measurements of ozone taken over two decades of NASA
ER-2 measurement campaigns in the lower stratosphere. The data was used to estimate
the statistics of differences between point measurements and satellite measurements
separated by a horizontal distance G. Satellite measurements were simulated by locally
averaging over a distance L on the order of the satellite footprint. The Fig 2.5.1 is an
estimate of the seasonal and latitudinal dependence of the contribution of geophysical
variability to in situ/satellite measurement differences. In the northern hemisphere for
example, we can expect differences on the order of 5-10% during the summer, but these
increase to about 20% during the winter. A similar analysis will be performed with
aircraft measurements of tropospheric chemical species. We also propose to extend this
work in several ways. First, the same type of analysis will be applied to ozonesonde data
to estimate the contribution of vertical layering. Second, we will investigate horizontal
anisotropy to assess whether coincidence criteria should distinguish between zonal and
meridionally oriented separations between measurements. Third, we will use scale
dependent two-point statistics of differences between two points to define seasonal and
latitude dependent coincidence criteria from the correlation length of the chemical field.
The results of these studies will aid in interpreting differences in correlative
measurements on different platforms, and will provide direction in the development of
validation strategies that minimize the impact of natural variability.



38

Figure 2.5.1  The contribution to  geophysical variability from a statistical analysis of over 1 million high
resolution measurements of ozone taken over two decades of NASA ER-2 measurement campaigns in the
lower stratosphere.  Colors indicate seasons.

Another goal of this statistical analysis effort is the formulation of meaningful tests of
model/measurement consistency under conditions of extreme spatiotemporal variability.
We will make use of the GOCART aerosol transport model and the smoke trajectory
calculations described above.  In both cases it is important to evaluate the extent to which
the model simulations are consistent with the observations. The aerosol field is highly
inhomogeneous due to the small scale and temporally intermittent nature of the surface
aerosol sources and their short atmospheric residence time.  Figure 2.5.2 shows a
comparison of statistics of 550 nm total extinction a550 from the Goddard GOCART
model and 10 min. averaged aircraft measurements taken during the ACE-ASIA
campaign. Below the boundary layer, the overall range of the variability in model total
extinction agrees very well with the measurements, indicating that the model simulation
of sources and boundary layer processes is reasonable. Both are biased high relative to
the regional distribution, which reflects the mission objectives in sampling high aerosol
sources. Above the boundary layer, the measurements agree with the model regional
distribution, but the mission-sampled model (model interpolated to flightpaths) was
clearly biased high. This may indicate a problem with the model convection and aerosol
removal.
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Figure 2.5.2  See figure for caption

Figure 2.5.3 The distribution of aircraft measurements of total extinction above the boundary layer.
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Quantitative assessments of climate perturbations in, for example, aerosol radiative
forcing are not possible without a clearly defined background reference state. Research
under this IDS also includes an investigation of the problem of defining quantitatively
changes or perturbations to the climate. Variability in atmospheric chemical constituents
tends to be non-Gaussian [Sparling and Bacmeister, 2001], thus large departures from the
most probable value can in fact be part of the normal range of variability. Analysis of
upper level aerosol variability measured during ACE-ASIA illustrates this point. Figure
2.5.3 shows the distribution of aircraft measurements of total extinction above the
boundary layer. The distribution of log a550 shows an embedded Gaussian distribution
around the most probable value which we identify as the background distribution.
Because the distribution P(a550 ) is lognormal,  values of total extinction several times the
most probable value are within the typical range of variation. This idea will be tested with
other aerosol and chemical data sets to see whether background distributions can
generally be defined by this method.

We propose to continue this kind of statistical analysis with regard to Aura validation
measurements – applying our approach to the measurements made by Aura and by other
elements in the Aura – Aqua formation that includes CALIPSO and CloudSat.

2.6 Other Relevant Activities

Although the activities described above will be the main focus of our investigations over the
next three years, we would like to note here the involvement of the IDS team in scientific
leadership and validation activities.

2.6.1 Leadership in orbital missions

The PI and one of the COI’s (Douglass) continue in their role in Aura Project Management.
The science activities performed here have lead to insights into mission strategies and aided
us in developing the Aura validation plan. (http://eos-chem.gsfc.nasa.gov/mission/validation.html).
This includes development of aircraft mission plans that will use some of the statistical
approaches discussed in Section 2.5.

2.6.2 Leadership on sub-orbital missions

The PI and a CoI (Newman) will be Co-Project Scientists for the SOLVE II DC-8 Mission.
The participation in these missions includes the use of the flight planning and modeling tools
developed within the IDS.  Newman is leading the development of the AVE (Aura Validation
Experiment) mission plan as well.

3.0 Timeline and Expected Results

First proposal year (FY04):

Analysis of STE in new 50 year run of FVGCM and re-analysis of 1991-2002 DAO data.
This model includes some trace gas changes with year. CTM runs with full chemistry along
with age-spectrum analysis will be used to diagnose the runs. Compare STE in GCM with
estimates from observations and DAS models.

Analysis of Sage III Ozone Loss and Validation Experiment II (SOLVE II) observations.
Begin MATCH type analysis of SAGE III and POAM satellite observations
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Analysis of additional Boreal smoke events.  Simulations include CO and ozone from
GOCART.  Begin analysis of tropical processes from GOCART – compare to MOPITT
observations.

Begin trajectory analysis of tropical biomass burning events. Begin looking at IceSat lidar
data for aerosol heights.

2D model runs with increasing water vapor and short-lived halocarbons.

Second proposal year (FY05):
(EOS Aura data becomes available – Aura is beyond commissioning phase)

Continued analysis of Boreal smoke events using Aura data, begin extension of smoke
analysis into the tropics.  Look at ozone processing and NOx from OMI.  Begin activity on
tropospheric ozone.

Begin analysis of extratropical STE events using Aura data.

Participation in Aura validation missions (Probably TC3 proposed mission)

Begin preliminary analysis of Aura data and CTM and GMI model intercomparisons.

Third proposal year:

Continued analysis of smoke events – include tropospheric ozone analysis from models and
compare with Aura observations (using TES and difference techniques)

Continued model analysis.  At this point, FVGCM should include some interactive chemical
processes.  We will apply our analysis tools to this new model.

Continue other activities as appropriate.

4.0 Management Plan

The PI will manage the proposal.  Since all but one of the co-investigators are on site at GSFC
at least one day per week, we do not see any issues with travel.  Gary Morris typically spends
the summer at GSFC.  Monthly meetings have been used in the past to coordinate overall
activities.

Project Responsibilities

Q1 - Is the ozone layer recovering?
This area will be coordinated by the PI.  G. Morris is responsible for the MATCH type
analysis and P. Newman will analyze the 3D model CTM  and OMI  observations.
Stolarski will also be looking at ozone trends between instrument types.

Q2 - Do we understand the processes that control mid-latitude STE?

This area will be coordinated by the PI and A. Douglass.  M. Olsen will work on ozone
STE. He will be extending his analysis to Aura data. Schoeberl will be looking at STE in
the new FVGCM and the reanalysis.

Q3 - How does the long range transport of pollutants affect local air quality and
chemical processes?
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The PI will lead this team along with M. Chin. P. Colarco will work in smoke analysis.
M. Chin is responsible for GOCART runs.  Thompson will compare tropospheric ozone
from SHADOZ and modified residual method with model analyses and Aura data.
Torres is responsible for TOMS smoke analysis.  Hollandsworth-Firth will work with
Stolarski on tropospheric ozone residual methods.

Q4 - How do chemical changes in the atmosphere affect climate?

A. Douglass will lead this team.  Gupta will work on the FVGCM. M.Chin (GOCART)
and J. Rosenfield (2D model). Schoeberl will run the age-spectrum analysis. Douglass
will be make chemical comparisons. S. Pawson is the interface to the Data Assimilation
Office and has been running the reanalysis. Stolarski will be the primary interface to the
GMI effort.

Tools –
Rosenfield maintains and runs the radiative transfer model and the interactive 2D model.
Schoeberl maintains the trajectory models.
Lait maintains the trajectory web page interface and the Science System data set
Douglass is responsible for the CTM.
Chin maintains the GOCART model.
Pawson is producing the reanalysis.

Data sets -
L. Lait will be responsible for porting data sets from the EOS observatories to the Science
System. We have already begun to port MODIS aerosol data onto the system. Data sets
we will be using when they are available are listed in Tables 1-3.

S. Pawson will coordinate the DAO modeling efforts and the availability of data for the
science system.

5.0 Personnel

Vitae are attached.

6.0 Facilities and Equipment

Most of the data analysis and research will be carried out on the Code 916 workstation cluster.
This system consists of 39 SGI workstations and 8 Linux boxes with over a terabyte of
attached disk space.  The science system allows any user within the cluster to transparently
access any data file.   One workstation has been assigned the task of running the GSFC
trajectory model for outside users.  The SGI workstations have become less cost competitive
with the advent of inexpensive Linux boxes (basically multi-processor PC’s running Linux).
Due to the high cost of SGI maintenance, it is more cost effective to remove the machines
from maintenance as the maintenance costs increase and spend the money on Linux boxes.
We have now integrated a few of these Linux boxes into our cluster without problems.  Our
budget includes one man-year (Heney) support for the Science System cluster.

FVGCM and GMI calculations will be carried out on the Data Assimilation Office computer
systems at no charge to the proposal.  The results will be transferred to the Science System for
analysis by the investigators.  We have begun to move data from the EOS DAAC’s to the
science system as well.
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Part of this proposal includes planned upgrades to the science system and the trajectory
models. (see Appendix D for a description).  Appendix E details the planned equipment
upgrades proposed.

6.1 Upgrading the Trajectory models

Much of the current and proposed science activities depend upon the Goddard trajectory
models.  Currently, these are written in IDL, an interpreted language.  Re-coding this software
in  C should make it more efficient, thus making it possible to calculate the trajectories of
more parcels over a longer period of time.  It would also allow us to implement a parallel
version of the code that would run efficiently on multi-processor machines. This activity has
begun with  a set of low-level C routines to read gridded 4-D meteorological analyses; these
routines can then be called from within the current trajectory model. As the activity proceeds,
higher-level IDL routines will be re-written in C and made callable from the remaining IDL
software, until the entire model has been re-implemented in C.

6.2 Improved Data Set Management

A vast amount of data from satellite, ground-based, and aircraft instruments is needed to carry
out the interdisciplinary analysis and intercomparison being proposed.   Even with the
development of the Distributed Active Archive Centers (DAACs), these locally resident data
collections must be organized and managed effectively.

Under the PIDS, we developed a data system which organizes data, software, and
documentation.  Designed around a collection of Unix workstations and servers which share
files among each other, this "Science System" encourages collaboration by putting a wide
variety of data sets into standardized locations which are accessible by anyone, along with
software to read the data sets.  Most of the data follow a standardized naming convention and
are written in a compact, platform-independent, self-documenting format.  Table 1 lists some
of the datasets that are available.  In addition to the data reader subroutines, an extensive
toolkit of routines for modeling, analysis, and plotting have been developed by the system's
users and made available to all.  The open source programming codes can be modified or
improved by any user (under a revision control system); all changes are promulgated to all
computers in our data system, so that everyone uses the same version of the software.

As the number and size of the data sets have grown, performance demands have increased.
New computer servers and upgrades to existing machines will be needed.  In addition,  a
significant bottleneck exists in simply looking up what data are available.  Under this IDS,
programming support will be used to install and configure database software to help manage
data access.  In addition, part of our proposed activity is to transfer the relevant EOS and other
important data sets to the current science system.  The most relevant data sets from the EOS
platforms are listed in Tables 2 and 3.

7.0 Current Support

The principal investigator is a civil servant and NASA covers costs. He also gets support as
Aura Project Scientist.
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Appendix B:  Related IDS and ACMAP Proposals

Proposals being coordinated with this IDS are listed below.

M. Chin (ACMAP): From regional pollution to global atmospheric change: Modeling and data
analysis in a global-regional atmospheric modeling system

This proposal focuses on (1) understanding the regional processes that determine the aerosol
and ozone distributions, (2) quantifying the intercontinental transport of aerosols, ozone, and
their precursors, and (3) assessing the climate and chemical impact of regional pollution on
regional and global atmosphere.

M. Chin  (RSP): Global and regional aerosol modeling studies (GRAMS): Sources,
distributions, near-term to long-term climate effects

This proposal focuses on determining the near-term to long-term global and  regional
distributions of aerosols and understanding the relationships among  the aerosol sources,
processes, distributions, and global and regional climate  and air quality effects.

A. Dessler (IDS): Investigations of the tropical tropopause region

This proposal investigates the tropical tropopause region (TTR), that volume of the
atmosphere extending from about 25°S to 25°N and from approximately 200 hPa (~12 km) to
50 hPa (~20 km).

A. Douglass (ACMAP): Continued Funding of the Stratospheric General Circulation with
Chemistry Project

This proposal uses the CTM with winds and temperatures from the FVGCM and from various
versions of GEOS-DAS to interpret observations of ozone and other stratospheric constituents
from various platforms, including satellite, aircraft, and balloon. The central focus of this
proposal is a hindcast of observed ozone behavior 1975 - present and forecast of ozone
recovery through analysis of long simulations with variable meteorology from the FVGCM
and changing boundary conditions for trace gases.

Y Kaufman (IDS): The global aerosol system and its direct and indirect forcing of climate

This proposal integrates the multiple satellite aerosol and cloud data, AERONET
measurements, and GOCART model to quantify the "global aerosol system", estimate the
aerosol direct radiative forcing and the aerosol effects on cloud properties.

P. Newman (ACMAP): Continued Funding for Analysis of Spatial and Temporal
Variability of Stratospheric Dynamics and Trace Constituents

This proposal is to use data assimilation data sets (DAO, NCEP/NCAR, UKMO, and
NCEP/CPC) covering the last two decades to investigate how planetary wave driving of the
stratosphere is connected to polar stratosphere, and to determine the response of the
NASA/NCAR GCM to the heating of the tropical upper troposphere in the double 2xCO2
atmosphere. This proposal will focus on the changes of linear wave propagation in the
stratosphere under a 2xCO2 environment.
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L. Sparling (ACMAP): An investigation of the statistical properties of sub-grid scale
variability in chemical tracers in the UT/LS: Applications to chemical modeling, data
validation and constituent data assimilation

This proposal is to use a combination of aircraft and balloon data collected over the past
decade to develop a statistical synthesis of sub-grid scale variability in chemical tracers. The
research includes an investigation of fundamental problems related to sub-grid scale transport
and chemical mix-down. The results of this research are directly applicable a number of
practical problems in the areas of model evaluation, satellite data validation and constituent
data assimilation.

A. Thompson (ACMAP) - Climatological and Process Studies of Tropical Tropospheric
Ozone using Ozonesonde and Satellite Data

This proposal focuses on: (1) climatology of southern hemisphere tropospheric ozone at
tropical and subtropical stations; (2) refinement of modified-residual TTO data, using 1997-
1999 ozonesonde data; (3) analysis of ozone data over southern Africa and the adjacent
oceans, including profiles collected during the R/V R H Brown 1999 Aerosols and INDOEX
cruises.  In conjunction with ACMAP funding to R D Hudson at U MD, modified-residual
maps of tropical tropospheric ozone are produced under this support.

(This proposal is will provide tropospheric ozone estimates for validation of our data product.)

Steven Pawson (Pathfinder Data Sets)- Reanalysis for Stratospheric Trace Gas Studies

In this proposal, a 4-year reanalysis (May 1991--April 1995) of the troposphere and
stratosphere is being undertaken and evaluated.  The proposer has just completed three years
of reanalysis as of Nov. 2002.  The current plan is to extend the reanalysis through to the
present.

Torres, O., L.Remer, and  P.Ginoux,: A climatological record of aerosol absorption
optical  depth.

This proposal will use TOMS, MODIS, MISR and AERONET observations during a two
ear overlap period, to optimize the TOMS retrieval algorithm. The improved TOMS
algorithm will be applied to the historical TOMS record back to 1979.

Toon, O. et al.: Interdisciplinary Studies of Aerosols and Clouds: Aerosol chamber,
radiation observation site, and numerical modeling focused on understanding biomass
combustion aerosols

This proposal is to improve microphysical modeling of smoke using both observations
and an experimental laboratory system.
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Appendix C:  Participation in the Global Modeling Initiative (GMI)

The purpose of the Global Modeling Initiative (GMI) is to provide a state-of-the-art three
dimensional model that is appropriate for assessment of the effects of natural and
anthropogenic perturbations on the composition of the stratosphere and troposphere, and
that can be used to quantify the uncertainty in assessment.  The present GMI model is
best thought of as a modular framework that allows various elements that are make up a
CTM to be interchanged.  An early version of the GMI CTM was used to simulate the
effects of a fleet of supersonic aircraft flying in the lower stratosphere [Kinnison et al.,
2001].  During the development of the CTM, Douglass et al. [2000] used data from
several instruments on UARS and from instruments on NASA’s ER-2 to develop
quantitative metrics of model performance.

At present there are versions of the GMI CTM that are appropriate for either the
stratosphere (GMI-STRAT) or the troposphere. (GMI-TROP)  The present version of
GMI-STRAT uses meteorological fields from the FVGCM and from the FVDAS.  The
change in ozone between 1995 and 2030 assuming decreases in chlorofluorcarbons and
increases in methane and nitrous oxide was calculated using each set of wind fields.  One
co-investigator of this proposal (ARD) presented an analysis of the high latitude summer
ozone decrease using results from these two simulations and data from UARS HALOE
and MLS at the November American Meteorological Society Middle Atmosphere
Meeting.  The analysis relied on the two simulations to eliminate transport problems as
the cause of the difference between the model results and observations.  This presentation
emphasized the value of having the capability to vary single modules in the CTM
framework.

The GMI-STRAT will next be used to simulate the period 1975 – 2005, an effort that is
led by another co-investigator of this proposal (RSS).  This effort will compare results
from simulations driven by wind fields with very different meteorological characteristics.
RSS will lead the analysis of the simulations, emphasizing comparisons with
observations from various satellite instruments including TOMS, SAGE, POAM, SBUV,
LIMS, HALOE, and MLS and also comparisons with observations from ground-based
instruments, including but not limited to those taken through the NDSC.

A development effort currently underway in GMI is to identify a chemical mechanism
that captures the most important processes for upper tropospheric and lower stratospheric
ozone behavior.  Once this “combined” mechanism has been identified and implemented
in the CTM (GMI-Combined), global simulations will be produced.  As for the GMI-
STRAT, evaluation of the GMI-Combined will rely on comparisons with observations.
Members of this investigation will provide expertise through their knowledge of the value
and limitations of tropospheric ozone products that have been derived from TOMS data
(Hudson and Thompson, 1998; Ziemke et al., 1998).  The analysis of STE processes as
detailed in this proposal will also be brought to bear in the analysis of the GMI combined
results.  The combined mechanism will be available to us for integration in our local
CTM’s.  The use of the combined mechanism in process studies will be invaluable in
interpretation of data from Aura, will provide information about the budget and behavior
of the upper tropospheric and lower stratospheric ozone, and will benefit the assessment
effort of GMI by providing strong validation of the model behavior.
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Appendix D Model Descriptions

D.1 The FVGCM

The FVGCM or FVCCM model, developed in collaboration between the DAO and NCAR,
will be used as the core general circulation model for this investigation.  The dynamical core
is based on the work of Lin [1997] in which the  `finite-volume semi-Lagrangian' technique
was developed.  The FVGCM uses a regular latitude-longitude grid with Lagrangian vertical
coordinate. Meteorological variables are re-mapped to a hybrid vertical grid at regular
intervals (currently 30 minutes) when the physical tendencies are recalculated. The model
currently uses the complete NCAR CCM3 physics package (representing radiative transfer,
clouds and the hydrological cycle, and turbulent exchange of moisture and momentum with
the surface). The FVGCM is the core of the DAO's GEOS-4 data assimilation system (DAS)
and has also been integrated in "free-running" or climate mode. A 50-year integration using
observed SSTs between 1950 and 2000 has been performed in the climate-mode at 2.5lat by
2lon by 55 level resolution..  Shorter integrations are available at horizontal resolution as
small as 0.5-degrees.   The model resolution is flexible, meaning that it can be readily adapted
to the problem under investigation. A number of short model simulations have also been made
with 96 levels, in place of the standard 55-level configuration: this impacts vertical gradients
of water vapor in the  lower stratosphere. Even the 2.5*2-degree, 55-level model
configuration is at the high end of the range used in present climate simulations  (e.g., Gates,
1999). Quantitative measures of the model performance place it at the superior end of the
range of models in the GCM-Reality Intercomparison Project for SPARC (GRIPS) initiative
(Pawson et al., 2000).   However, one aspect of the model performance that is less realistic is
the space-time distribution of convective precipitation (Horinouchi  et al., 2002), which can be
traced to the use of the Zhang-McFarlane  convection scheme. While Horinouchi et al. (2002)
note the impact on the spectrum of resolved, upward-propagating gravity waves, this will also
affect the convective transport of trace species in the troposphere, especially those with a
strong diurnal cycle (because of an overly  strong locking of the convection to overhead sun).
On the positive side, Schoeberl et al. [2002a] showed that the FVGCM showed  excellent age
spectral characteristics and very little tropical  ventilation in the stratosphere. This is due to
the large-scale transport, which will not be affected by future improvements in tropospheric
processes, which are ongoing both in the DAO and in collaboration with NCAR.

The FVGCM as presently implemented in the operational GEOS-4 analysis system has a
resolution of 1.25 x 1o. Additionally, as part of the  "Reanalysis for Stratospheric Trace Gas
Studies" a 2.5o x 2o version of GEOS-4 has been run from May 1991 until September 1994;
this reanalysis will proceed until April 1995. This is the longest continuous analysis using a
stable configuration of the DAS, that has existed in the DAO since the 1982-1994 GEOS-1
reanalysis (Schubert et al., 1994).  Within the time-frame of the current proposal, a 1.25x1-
degree ReSTS  reanalysis will be made, beginning in May 1991 and running until the  present.

D.2 Troposphere - Stratospheric Chemical Transport Model (CTM)

D.2.1  Stratosphere

The stratospheric chemical model, which combines advection and photochemical
algorithms, is described in detail in Douglass and Kawa [1999].   Briefly, the advection
scheme [Lin and Rood, 1996] calculates constituent transport on a 2.5 x 2 lon-lat grid,
with 28 vertical levels using a hybrid sigma coordinate for 7 tropospheric levels and
pressure for 21 stratospheric levels.  The interface pressure is at 247 hPa.  The spacing is
about 1 km near the tropopause and increases to 4 km near the upper boundary.  This
scheme maintains sharp gradients and appropriate correlations for long-lived constituents.
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The photochemical scheme contains all gas phase and heterogeneous reactions thought to
be important in the stratosphere; input data for reaction rates are taken from the current
JPL evaluation [DeMore et al., 1997].  The photolysis rates are calculated using
temperature dependent cross sections [DeMore et al., 1997] and reduced fluxes
interpolated from a table lookup based on the detailed radiative transfer calculations from
the model of Anderson and Lloyd [1990].  The photolysis rates calculated in this way
compare favorably with the photolysis benchmark that was developed as part of the
AEAP program [Stolarski et al., 1995].  This photochemical scheme is used in the CTM
and also in the trajectory photochemical model.  The approach of using assimilated winds
and temperatures in an off line chemistry and transport model has been used by ourselves
and others in analysis of observations from aircraft (e.g., Douglass et al., 1991; Lefevre et
al., 1994); balloon (e.g., Kondo et al., 1996); ozonesonde (e.g., Weaver et al, 1999); and
satellites included Nimbus 7 TOMS (e.g., Douglass et al., 1996; Jiang et al., 1998),
UARS (e.g., Chipperfield et al., 1996; Douglass and Kawa, 1999), and POAM (Deniel et
al., 1998).  There have been improvements in the transport characteristics of assimilated
wind fields during the past decade [Douglass et al., 2002].  Recent analysis by Douglass
et al. and by Schoeberl et al. [2002] reveal problems in transport with assimilated wind
fields that are not unique to the Goddard DAS products.  For some applications it is more
realistic to use meteorological fields from a general circulation model in the CTM
framework. Either DAS or GCM winds can be used in this CTM.

D.2.2 The troposphere - lower stratosphere chemical model

Although we have not developed a chemical mechanism and solver appropriate for
tropospheric applications, we have access to the Harvard GEOS-CHEM model (Bey et
al., 2001a).  GEOS-CHEM has the same grid resolution model and uses the same
meteorological fields and transport algorithms as the GOCART model (following
section).  The tropospheric chemical mechanism in GEOS-CHEM includes about 120
species.  24 tracers are transported, including O3, NOx, total nitrogen (NOy), H2O2, CO,
and several types of hydrocarbon (Bey et al., 2001).  The chemical solver used in the
GEOS-CHEM model is a highly accurate sparse-matrix vectorized Gear solver
(SMVGEAR) (Jacobson, 1995).  This solver is also used in GMI-TROP, and one avenue
to development of GMI-combined entails modifications to GMI-TROP.  The GEOS-
CHEM model has been applied to a wide range of tropospheric problems, including the
chemical evolution of Asian outflow, the biogenic source inferred from satellite
observations, the tropical tropospheric ozone budget, and the intercontinental transport of
ozone and pollutants. The aerosol effects on ozone production have been investigated
recently in the GEOS-CHEM by using the monthly averaged aerosol fields from the
GOCART model (Martin et al., 2002a, b). It is shown that aerosols could have large
effects on tropospheric chemistry by reducing the most important oxidants
concentrations, such as OH, HO2, NO2, and O3, especially in the pollution and biomass
burning regions (Martin et al., 2002b; Duncan et al., 2002b).  The inclusion of aerosols in
the atmospheric chemistry model has improved the model agreement with observations.
(For more on the GEOS-CHEM model and related publications, see http://www-
as.harvard.edu/chemistry/trop/geos/index.html.)

D.3 The GOCART microphysics and aerosol model

The Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and Transport
(GOCART) model is a global model driven by assimilated meteorological fields from the
Goddard Earth Observing System Data Assimilation System (GEOS DAS).  The spatial
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resolution of the GOCART model is 2° latitude by 2.5° longitude or 1° by 1.25°,and 20-
55 vertical layers depending on the version of GEOS DAS. The GOCART model
simulates tropospheric aerosols, including sulfate, dust, black carbon, organic carbon, and
sea-salt. The GOCART model contains the following modules in aerosol simulation:
emission, which includes sulfur, dust, black carbon and organic carbon, and sea salt
emissions; chemistry, which currently uses prescribed OH, H2O2, and NO3 fields for
gaseous sulfur oxidations; advection, which is computed by a flux-form semi-Lagrangian
method; boundary layer turbulent mixing, which uses a second-order closure scheme;
moist convection, which is calculated using archived cloud mass flux fields; dry
deposition, which uses a resistance-in-series algorithm as a function of surface type and
meteorological conditions; and wet deposition, which accounts for the scavenging of
soluble species in convective updrafts and rainout/washout in large-scale precipitation.
We consider 8 size bins for dust and 4 size bins for sea-salt (r=0.1 – 10 µm).  We assume
lognormal size distributions for sulfate, organic carbon, and black carbon, and for each
size bin of dust and sea-salt.  The hygroscopic growth of aerosol size with ambient
relative humidity is parameterized.  More detailed description and summary can be found
in Chin et al. [2002a] and references therein
(http://code916.gsfc.nasa.gov/People/Chin/jas.all.pdf), and the model results of monthly
averaged aerosol optical thickness can be found at
http://code916.gsfc.nasa.gov/People/Chin/aot.html.

The model has been used to support field experiments (Chin et al., 2002b), to analyze
observations from field programs and satellite (Chin et al., 2000a, b; Ginoux et al., 2001),
and to assess future climate change (Penner et al., 2001).  We have compared our results
with the TOMS and AVHRR retrievals on global aerosol distributions, and with the AOT
from the AERONET at different geographic locations for model evaluations (Chin et al.,
2002a).  The dust source in the GOCART model is determined at the topographic
depression areas with bare soil surface, and dust uplifting probability is defined according
to the degree of depression.  The model simulation of dust aerosol with this
parameterization has been found to be consistent with the surface, lidar, and satellite
observations (Ginoux et al., 2001).  The biomass burning emissions of BC and OC are
based on the burned biomass inventory which is estimated using the satellite observations
of fire counts and aerosol index (Duncan et al., 2002a; Chin et al., 2002a).  The new
biomass burning emissions have significantly improved the modeled seasonal variations
of biomass burning and have made the interannual biomass burning simulation possible.
Figure D.3.1 compares MODIS aerosol data with GOCART a GOCART simulation.

Figure D.3.1 Total aerosol optical thickness at 550 nm and the fraction of fine model aerosols (De < 1
_m,) for August 22, 2001 from the satellite retrieval of MODIS (left) and the model (right).  The high
fraction of small particles (mostly sulfated, BC, OC, with some dust and sea-salt ) is indicated in red, and
low fraction of small particles (or high fraction of large particles, De > 1 _m, mostly dust and sea-salt) is
in green.
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D.4 Radiative Transfer Model

The current radiation model is as described in Rosenfield et al. [1994] with the addition
of an infrared transmission parameterization which allows for varying amounts of CO2
[Chou and Kouvaris, 1991]. The shortwave absorbers are O3, H2O, and CO2, and the
longwave absorbers are CO2, O3, and H2O. We have an updated version of the near
infrared solar heating due to H2O. This replaces the old Lacis and Hansen [1974]
parameterization in which the entire 0.7-4.0 micron region is treated as one wide band.
The new parameterization is that of Chou and Lee [1996], which divides the region into
three bands, allowing a better treatment of the scattering due to aerosols.

D.5 The trajectory model group

There are four trajectory models in the group, all derived from the original Schoeberl code
(trajdriver) often referred to as the Goddard Trajectory Model.  These models have been used
in a variety of studies associated with satellite and aircraft measurements.  Three are available
through the auto-mailer system
http://code916.gsfc.nasa.gov/Data_services/automailer/index.html

Trajdriver – isentropic trajectories and limited diabatic trajectories. Fastest code for adiabatic
runs.

Ftraj – diabatic trajectory code (also adiabatic). Uses a fastr vertical interpolation scheme and
precomputes the fields on isentropic surfaces. Fastest code for diabatic runs.

Ktraj – kinematic trajectory code (uses vertical velocities).  Ktraj runs are automatically and
its output is provided with the SHADOZ data.

Not available through the automailer-

Mtraj – single level code for use in field missions – requires pre-computed fields on an
isentrope.

D.6 The Interactive 2D Model

The interactive 2D (latitude-pressure) model has been described in Rosenfield et al.
[1997]. Subsequent modifications are given in Rosenfield et al. [1998] and Rosenfield
and Douglass [1998]. The model is interactive in the sense that computed temperatures,
ozone, water vapor, and carbon dioxide are used in the calculation of the radiative heating
rates. The residual circulation, which drives the transport of momentum, heat, and
consituents, is determined from the computed heating rates. The model has a full
chemistry scheme, with ~130 gas phase reactions. A detailed parameterization of
heterogeneous chemical reactions occurring on the surfaces of sulfate aerosols, and Type
1 and Type 2 polar stratospheric clouds is included [Considine et al., 1994].
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Appendix E Equipment Costs and Upgrades under this Proposal

Maintaining the science system and on-line data sets requires a continuous investment in  disk
storage and processing equipment.  Below are our proposed enhancements and upgrades to
the science system with this proposal.  The costs are summarized in the table and paragraph
below it.

Disks:
           Three 8-bay racks and 24 146-GB disk drives would fill up the rack
           space used for scratchy and auster, allowing us to replace
           the larger RAIDS.  At least 1 new enclosure with 8 drives would be
           moderately high priority; additional enclosures allow for
           relatively quick expansion of disk space as needed by
           purchasing drives as need arises.

   Desktop Linux boxes:
           Replacing the old SGI R4400 machines is needed;
           there are seven in the cluster.

   Linux server machines:
           Replacing scratchy and auster would do a couple things.
           First, it would eliminate the cost of the SGI maintenence on
           those machines. It would also allow us to expand the number
           of SCSI channels and thus the number of drives we hang off
           of them.

   DLT-8000 tape drive:
           tape drive for backups

Computer Equipment Quantity Cost Subtotal
8-bay rack-mount disk enclosures with cabling3 $1,500 ea $ 4,500
146 GB Seagate Cheetah SCSI drives 24 $1,000 ea $ 24,000
Dual-processor linux boxes to replace low-end
SGI's

4 $3,500 ea $ 14,000

4-processor Intel Xeon MP linux systems to
replace Power Challenges (scratchy,auster)

2 $22,000 ea $ 44,000

Shelving/racks $ 5,000
DLT-8000 tape drives 1 $ 2000 $  2000
Total $ 93,500

In addition we have estimated that misc equipment costs for software, small IDE hard drives,
processor upgrades and other equipment for the group runs about $10,000/year.  Spreading
these costs over three years gives $41 K/ year.
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Tables

Table 1  Data Sets Archived in the Science System
Data Type Mission
Satellite UARS (HALOE, CLAES, MLS, HRDI, ISAMS), POAM, SAGE, SBUV,

TOMS, ADEOS, CRISTA
Aircraft STEP,AAOE, AASE I, AASE II, SPADE, STRAT, TOTE/VOTE,

POLARIS, SUCCESS, SONEX, WAM, ACCENT, CRYSTAL-FACE
Ground, Balloon NDSC, Rawinsondes, POLARIS ozonesondes, OMS balloon
Meteorological Data NCEP Analysis (1979-), NMC Re Analysis (1955-), UKMO (1991-),

DAO (various versions) (1991-)
Model Calculations Diabatic heating rates for the Meteorological analysis,  CTM runs (1995-

1996, 1997- 1998)

Table 2. New data sets to be used under this proposal
EOS Data Set Available
within the next 3 years

Usage under this proposal

AIRS More precise measurements of the temperature of the lower stratosphere and
upper troposphere to estimate the cross tropopause mass flux, also upper
tropospheric and lower stratospheric ozone

MOPITT CO Measurements as tracers of upper tropospheric circulation and as indicators
(along with TOMS aerosols) of biogenic aerosols

MISR Aerosol information to be used in conjunction with TOMS
TOMS
Aura OMI

Tropospheric aerosols, column ozone (and column SO2 . The SO2 will be used in
volcanic aerosol studies.  The column ozone will be used in computing the
tropospheric residual. NO2 (OMI) column will be used as precursor for ozone.

SAGE III Stratospheric ozone and aerosol profiles.  The ozone data is to be used with
TOMS data to compute the ozone residual

GLAS Tropospheric aerosol, SVC  and  cloud height distribution
DAO FVDAS Drives transport models and trajectory models
Aura HIRDLS UTLS HNO3, O3, Aerosols
Aura TES Tropospheric Ozone, CO, UTLS NO2, HNO3, ClONO2, CH4, N2O
Aura MLS Stratospheric and UTLS Ozone, HCl, N2O, T

Table 3. SCIAMACHY data products.
NADIR Limb/Occultation

Type UV/Vis IR UV/Vis IR UV/Vis IR UV/Vis/IR
NRT O3, NO2, SO2

*,
OClO*, H2CO*

H2O, CO,
N2O, CH4

Clouds,
Aerosols

OFFLINE O3, NO2, BRO,
SO2

*, OClO*,
H2CO*

H2O, CO,
CO2, N2O,
CH4, P, T

Clouds,
Aerosols

O3, NO2, BrO H2O, CO,
CO2, N2O,
CH4, P, T

Aerosols
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(*) These molecules can only be detected under special conditions


